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CHAPTER I 
INTRODUCTION 
A. Gene Duplication in Early Evolution and Roles for Genome 
Amplification 
The earliest forms of life probably were able to utilize a wide 
variety of nutrients (Oparin, 1973) and may not have required a large 
repertoire of enzymes to process these nutrients (Orgel, 1973). As the 
supply of organic molecules naturally abundant in the environment became 
scarce, there must have been a great selective advantage for those forms 
of life which could diversify and process the molecules remaining. An 
increase in the metabolic complexity would have been paralleled by an 
increase in the number of enzymes, and in turn an increase in the number 
of genes encoding them. Over a billion years ago gene duplication and 
divergence in eukaryotes led to the formation of the major gene families 
as we know them today, for example, the globins and dehydrogenases 
(Zuckerkandl, 1975; Eventoff and Rossman, 1975). Although the formation 
of what are today different enzymes occurred billions of years ago, gene 
duplications have continued up to the present time (Ohno, 1970). Multiple 
locus isozymes formed by gene duplications in the earliest chordates 
(500 million years ago) have diverged substantially in their structure 
and regulation whereas isozymes encoded in more recently duplicated genes 
have not diverged as far (Markert et al., 1975). 
As organisms became multicellular with increasing numbers of 
different specialized cell types, gene duplication may have facilitated 
the formation of different forms of the enzyme specifically tailored for 
given differentiated cell types as well as provided an opportunity for 
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increased regulatory specificity during development (Zuckerkandl, 1978). 
The duplication and divergence of regulatory genes would have allowed 
different combinations of genes to be expressed in the different cell 
types (Ursprung and Smith, 1965). The precise scheme of gene regulation 
in eukaryotes is unknown, but is thought to be hierarchical (Britten and 
Davidson, 1969) and to include integrator, sensor, and receptor genes 
controlling the expression of gene batteries (Britten and Davidson, 1969, 
1971). Alternative models of gene regulation have been proposed by 
Holiday and Pugh (1975) and Sager and Kitchen (1975). Support for the 
Britten and Davidson model is found in the observation of Davidson (1976) 
that less than 10% of the unique sequence DNA is expressed in any given 
cell type, some of these unique sequences being common to all cell types 
in all developmental stages, and the observation that some unique 
sequences are specifically expressed in only a few cell types (Ashburner 
et al., 1973) in response to hormones. If the model is correct in its 
general features, then it is apparent that the divergence of regulatory 
elements could permit the selective activation or inactivation of 
specific enzymes and isozymes with differentiated functions within these 
cells (Markert and Ursprung, 1971). 
Lastly, gene duplications may have been advantageous to gene 
regulation in ways which are only beginning to be understood. For 
example, it is known that DNA and chromosomes fold in an orderly 
fashion (DuPraw, 1970; Oudet, 1975; Hozier et al., 1977). Specific 
sequences of DNA (e.g. the repetitive sequences) may be necessary to 
accomplish this folding (Yunis and Yasmineh, 1971). Therefore, as 
chromosomes became larger and more complex it may have been necessary to 
duplicate certain spacer or repetitive sequence regions to perform 
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various structural functions in "packing" of DNA. The repetitive DNA 
has also been proposed to originate from degenerate duplicate copies of 
unexpressed structural genes (Ohno, 1974), or by repeated unequal 
crossing over events of smaller units (Smith, 1976). Some of the 
repetitive regions may also be directly involved in gene regulation 
(Britten and Davidson, 1971), and multiple copies of a regulatory sequence 
may be required as a "backup system" to insure that the important "signals" 
to activate structural genes are communicated properly (Gatlin, 1971). 
The repetitive regions could be important to gene regulation by deter-
mining the complex, yet specific, three dimensional structure of the 
chromosome as well as chromosome-chromosome interactions and chromosome-
nuclear membrane interactions. 
B. Historical Considerations 
Stadler (1929) was one of the first to speculate on the evolutionary 
consequences of gene duplication. Studying the response of polyploid 
wheat to radiation, he found an increased resistance to mutations. He 
explained this resistance in polyploids as a buffering effect of the 
presence of extra gene copies. Several years later duplicate genes in 
other organisms were demonstrated by transmission genetic approaches. 
Bridges (1936) discovered that Bar eye mutations in Drosophila were due 
to tandem duplications, and he proposed unequal crossing over among Bar 
genes as a mechanism for generating the extra copies of the genes. 
Haldane's (1933) proposal that duplicate genes in tetraploids might often 
be eliminated by mutations was the first recognition of "genie 
diploidization," a process which will be defined and described in detail 
later in this thesis. 
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Beginning in the early fifties, various transmission genetic, 
cytogenetic, and developmental genetic analyses of gene duplications 
were carried out. For example, Lewis (1951) explained certain develop-
mental mutants of Drosophila as a consequence of the tandem duplication 
of the bithorax locus, and other loci. Subsequent divergence of the 
tandemly duplicated genes brought about different morphological pheno-
types. The importance of polyploidy in plant evolution was also becoming 
appreciated at this time and was discussed in detail by Stebbins (1950). 
Before the structure of DNA was unravelled by Watson and Clark 
(1953), Mirsky and Ris (1951) conducted the first broad survey of 
cellular DNA content among animals. These authors observed a general 
increase in cellular DNA content with the increase in evolutionary level 
from lower invertebrates to higher invertebrates, and a similar trend 
within the land vertebrates. 
After these discoveries transformed the view of genome structure and 
evolution, increasing examples of gene duplication were discovered. Gene 
duplications were postulated to be the source of the different hemo-
globins (Ingram, 1963; Zuckerkandl, 1965). Evidence was later found for 
duplications within genes (see Fitch, 1977). It was not until the late 
1960s and early 1970s that a number of investigators expanded on the 
importance of gene duplication in evolution (Ohno et al., 1967; Watts 
and Watts, 1968; Britten and Davidson, 1969; Ohno, 1970). Subsequently, 
more evidence of increasing DNA content with organismic complexity was 
presented (Britten and Davidson, 1971; Sparrow and Nauman, 1976; 
Hinegardner, 1976). The above correlations of DNA content and organismic 
complexity indirectly support the hypothesis that gene duplication was 
important in the early evolution of the chordates. Ohno (1970) has 
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provided some evidence that one or two rounds of polyploidization were 
crucial in the evolution of the vertebrate grade. Ohno et al. (1968) 
showed that the cephalochordate Amphioxus had three times the DNA content 
of a more primitive chordate, the tunicate Ciona. Recent support of the 
postulate of one or more polyploidization events in the early chordates 
includes evidence that a number of multiple locus isozymes, which are 
widespread phylogenetically, are unlinked (Wheat et al., 1972; 
Kucherlapati et al., 1974; Whitt et al., 1976). On the basis of phylo-
genetic surveys and immunochemical homology one can reconstruct the 
probable evolutionary history of a number of different multilocus isozyme 
systems, each system to have been derived from single ancestral 
loci 500 millions years ago (Fisher et al., in preparation). One reason 
for undertaking a study of duplicate gene expression in the catostomid 
fishes is that they have become polyploid relatively recently (50MY ago) 
and thus they may serve as a model for the first stages of duplicate gene 
evolution, a stage of evolution which is no longer available for duplicate 
genes formed by polyploidizations over 500 years ago. 
C. The Prevalence of Gene Duplications in Nature 
Polyploidy is one of the most general mechanisms for achieving an 
increase in genome size. Polyploidy is relatively common among plants 
(Stebbins, 1950, 1971) and comparatively infrequent in the animal kingdom. 
Because polyploidy disturbs the well established sex determining 
mechanisms of most insects, birds, and mammals, it is virtually unknown 
in these groups (Muller, 1925; Ohno, 1970). In humans, for example, 
polyploidy upsets established gene dosage relationships and most polyploid 
fetuses are inviable (Carr, 1967). Nevertheless, some polyploid taxa 
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have evolved in the invertebrates and include a few of the annelids 
(Muldal, 1952), Coleoptera (Saura et al., 1976; Lokki et al., 1976), 
Orthoptera (Parker et al., 1977) and Hymenoptera (Kerr and DaSilveira, 
1972). 
A number of the extant orders of primitive fishes have polyploid 
species within them. Tetraploidy has been found in the sturgeons 
(Nikolsky, 1976), paddlefish (Dingerkus and Howell, 1976), salmonids 
(Simon and Dollar, 1963; Ohno, 1970), cyprinids, notably the carp 
(Makino, 1939) and the barb (Wolf et al., 1969), the catostomids (Uyeno 
and Smith, 1972), cobitid loaches (Muramoto et al., 1967; Ferris and 
Whitt, 1977a), and at least one catfish (Nayyar, 1966). Polyploidy is a 
continuing process in these primitive fishes. A spontaneously arising 
triploid has been found in some minnows (Gold and Avise, 1976). Poly-
ploidy is rarer among more advanced taxa of teleosts; the only known 
example is triploidy in several species of poeciliopsids (Schultz, 1969). 
Polyploidy continues to appear sporadically among primitive land 
vertebrates and is not uncommon among amphibians. Frogs of the genus 
Xenopus (Tymowska and Fischberg, 1973), some odontophrynids (Becak et al., 
1966), ranids and bufonids (Bogart and Tandy, 1976), certain hylids 
(Wasserman, 1970; Bachman and Bogart, 1975), and Ambystoma (Uzzell, 1970) 
have been shown to be polyploid. In lizards, the cnemidophorids are tri-
ploid (Pennock, 1965; Uzzell and Darevsky, 1975). 
Other strategies of genome amplification exist in addition to 
polyploidy. Regional gene duplication is quite commonly found. A 
comparison of the DNA contents and chromosome members among some cyprinid 
and silurid species (Denton, 1973) reveals that DNA contents of some taxa 
have increased without a concommitant increase in chromosome number (see 
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also Olmo and Morescalchi, 1978). Amphiuma and African lungfish have 
gone to the extreme of regional duplication until they now have 28 times 
the DNA content of humans (Comings and Berger, 1969); these increases 
in DNA have not been paralleled by an increase in the number of structural 
genes encoding enzymes. Extensive tandem duplications can occur at 
relatively restricted chromosomal regions such as the nucleolus organizer 
where hundreds of copies are present which code for a gene product 
required in high levels (Ritossa et al., 1966). Silkworm chorion proteins 
are also in this category (Regier et al., 1978). More limited tandem 
duplication events have not greatly increased the DNA contents of many 
species and have resulted in the duplication of structural genes. An 
example is the lactate dehydrogenase B and C genes, which have been 
shown to be closely linked in birds (Zinkham et al., 1969). Another 
example is hemoglobin beta and delta, closely linked in humans (Nance, 
1963). In both of these examples of tandemly duplicated loci the 
functions of the closely linked genes can be differentially regulated. 
More exotic mechanisms of gene duplications have evolved. One of 
these, endopolyploidy, is defined as the duplication of chromosomes 
without cell or nuclear division in some diploid individuals. A familiar 
form of endopolyploidy is the replication of chromosomes to form 
the polytene chromosomes of Drosophila salivary glands. Another 
form of endopolyploidy is the selective polyploidization of cells within 
specific tissues of an organism; a case in point being the hepatic cells 
of vertebrates (Epstein, 1966). Some organisms, notably the amphibians, 
have developmentally specialized modes of DNA amplification in which the 
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genes in the nucleolus organizer are amplified in the forms of hundreds 
of DNA transcripts during oogenesis (Brown and Dawid, 1968). 
D. Consequences and the Advantages of Tandem Duplications and 
Endopolyploidy 
We have seen that tandem duplications and endopolyploidy are 
relatively common in some taxa. What are some of the possible advantages 
of each of these modes of gene duplication? Tandem duplications may 
have specific effects at the gross morphological level, like Bar eye in 
Drosophila. Tandem duplications generally do not affect more general 
cellular parameters such as cell size and volume unless these duplications 
become quite extensive (Pederson, 1971; Olmo and Morescalchi, 1978). The 
immediate consequences of tandem duplication at the molecular level 
include a possible heterotic advantage if the tandem copies differ in 
their structure, and a low level amplification of a specific gene product, 
or higher levels in the case of the more extensively duplicated nucleolar 
organizer genes. Tandem duplications first appear in an individual, but 
may spread throughout the entire species. Intraspecific polymorphism for 
tandem duplications of rDNA genes has been found in animals (Miller and 
Brown, 1969) and plants (Philips et al., 1973). Unequal crossing over 
between homologous genes is the usual method of obtaining tandem dupli-
cations but other mechanisms can be involved (Tartof, 1975). 
If tandem genes become fixed in a species their functions may persist 
for a sufficiently long period of time that they diverge in structure and 
code for proteins with altered functions. Relatively ancient tandem 
duplicates like hemoglobin beta and gamma have evolved different oxygen 
affinities (Dickerson and Geis, 1969). The antibody genes, likely also 
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to be tandemly linked (Gaily and Edelman, 1972), have the capacity to 
interact with many different substrates. More recent tandem duplications 
of specific loci have resulted in electrophoretically divergent isozymes 
which probably have not diverged significantly in their functions. As 
examples one may cite glucose-phosphate isomerase in plants (Gottlieb, 
1977) and animals (Ferris and Whitt, 1977a), and aspartate amino trans-
ferase in animals (Schmidtke and Engel, 1974). 
Ohno (1970) speculates that, over long evolutionary periods, most 
tandem duplications are not as promising a source of evolutionary novelty 
as gene duplications produced by polyploidy. One possible hindrance to 
divergence of duplicate structural genes is that contiguous regulatory 
elements associated with them may not be equivalently duplicated and thus 
the structural genes might not be able to come under separate develop-
mental regulation. However, some tandem gene duplications appear to 
have involved a duplication of both structural and regulatory genes. 
Hemoglobin beta and delta are expressed at different times in development 
(Nance, 1963) within the same cell type. A similar differential temporal 
expression also holds for the carbonic anhydrase genes studied by Tashian 
(1977) in humans. The LDH-B and LDH-C genes are almost mutually 
exclusively regulated in the primary spermatocytes of birds and mammals 
(Goldberg, 1977). 
The additional problem of rectification or correction arises when 
tandem duplications are present in hundreds of copies, as are the 
ribosomal RNA genes. Unlike the situation for duplicate enzyme loci, 
which can diverge or be lost with relative impunity, the rRNA cistrons 
must remain identical. Callan (1967) has proposed a master-
slave mechanism for the correction of mutational differences (except 
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those occurring in the "master gene"). A more favored model is one in 
which unequal crossing over among the cistrons is rapid enough to prevent 
the fixation of mutant genes (Smith, 1973). 
Endopolyploidy has the immediate advantage of increasing the dosage 
of genes in particular tissues as need requires. Nagl (1976) has pro-
posed the interesting theory that nearly all organisms need to amplify 
their genomes in some cell types and developmental stages to some degree, 
and as a consequence endopolyploidy has evolved in those taxa which are 
constrained from undergoing a general polyploidization of the germ line 
cells. 
E. Consequences and the Advantages of Polyploidy 
Polyploidy can be brought about by a number of mechanisms. The 
effects of polyploidy can be manifest at the molecular, genetic, cellular, 
and more organismic levels. Polyploidization endows instant species 
status to the reproducing offspring because of chromosome pairing 
difficulties with backcrosses to diploids. As I have previously 
indicated, the formation of species via polyploidizations is more common 
among higher plants and lower vertebrates. 
Among plants, polyploidy has been associated with greater colonizing 
ability (Stebbins, 1971; Gottlieb, 1976). Greater adaptability to 
diverse environments has also been suggested for the tetraploid 
catostomid fishes (Uyeno and Smith, 1972). Polyploidy is frequently 
accompanied by overall size increase when compared to the close diploid 
relatives in plants (DeMaggio, 1971) as well as in animals. However, 
there are some interesting exceptions. Although tetraploid catostomids 
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are generally larger than their cyprinid relatives, several dwarf 
catostomid species are known to exist (Jenkins, 1970). 
Cell size is frequently increased in polyploid plants (Sinnott, 
1970), and animals, e.g. it was observed in sea urchins many years ago 
(Boveri, 1905). However, this increase in cell size with increasing 
ploidy appears to be a transitory phenomenon, because after millions of 
years of functional diploidization the cell size returns to normal. 
Tetraploid cyprinids, for example, have cell sizes in the range of 
diploid cyprinids (Schmidtke et al., 1975). If polyploidy is accompanied 
by an increase in cell size, there may be an initial adaptive advantage 
because larger cells have a slower metabolic rate than smaller cells, 
which could be important in some extreme environments (Szarski, 1970). 
Little is known of the effect of polyploidy on the levels of specific 
gene products. In plants, the effect of polyploidy upon the expression 
of the peroxidase locus of ferns (DeMaggio and Lambrukos, 1974) has been 
studied to some extent. The specific activity of peroxidase was in-
creased in direct proportion to the increase in ploidy level. The age 
of the polyploidization, which was not known in the case of these ferns, 
is important to determine for detailed studies of gene evolution after 
polyploidization. In species of animals in which recent polyploidization 
events have occurrred (e.g. less than 10,000 years), the levels of 
specific gene products can be proportional to ploidy level (Lucchesi and 
Rawls, 1973) or they may have been modulated in their expression to the 
levels found in diploid relatives. Examples of such modulation include 
hemoglobin in tetraploid odontophrynid frogs (Becak and Pueyo, 1970), 
and lactate dehydrogenase and glucose phosphate isomerase in the 
relatively ancient carp (Schmidtke et. al., 1976). A reduction in the 
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amount of specific gene products following polyploidization appears to 
be due to a reduction of transcription rather than a limitation upon 
translation imposed by a potential loss of expression of redundant rDNA 
genes (Schmidtke and Engel, 1976). 
The effects of polyploidy upon the patterns of transmission genetics 
are variable and depend m part upon the type of polyploidization (allo-
or autopolyploidy), the length of time which has transpired since the 
polyploidization, and the mode of reproduction of the species. In 
sexually reproducing autotetraploids, all chromosomes can be 
doubled by a number of mechanisms (Uzzell, 1970): (1) fusion of two 
daughter cells after mitosis in the early zygote, (2) two DNA repli-
cations without mitosis, (3) fusion of unreduced gametes before 
fertilization, (4) multiple fertilization, and (5) fusion of a triploid 
egg with haploid sperm. In parthenogenetic forms, the perpetuation of 
polyploidy is possible with premeiotic mitosis without cytokinesis, or 
the suppression of meiosis I or II. 
Pairing of chromosomes in autotetraploids involves the synapsis of 
two sets of identical homologues to form quadrivalents in meiosis. [This 
is also true in plants, but trivalents and bivalents also occur in 
predictable frequencies (Sved, 1966).] Genetically, tetrasomic inheritance 
results, that is, the inheritance of four alleles at a single gene locus. 
An example is the albumin-like locus in Odontophrynus (Becak et al., 1968). 
This has important implications for the potential fixation of nulls at a 
locus. Null alleles may not become fixed during tetrasomic inheritance 
due to lethality. When chromosomes begin to lose their karyotypic 
homology, and homologous pairs synapse as two bivalents, two disomically 
inherited loci are established. A null allele may then become fixed at 
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one of these loci, and what is referred to as genie or functional 
diploidization. 
If both duplicate genes are retained, the two loci may diverge in 
their structure and tissue expression. The extent of loss of duplicate 
gene expression and the extent of divergence of structure and tissue 
function are the central issues to be investigated in this thesis, and 
more detailed discussions of these topics will be presented in the sub-
sequent chapters. 
One issue that remains to be resolved decisively is the time 
required for chromosomal diploidization of auto- and allo-tetraploid 
species, because duplicate genes cannot begin diverging until they are 
disomically inherited. Disomic inheritance may be achieved in only a 
few generations in tetraploid plants due to specific genes preventing 
homeologous pairing (Waines, 1976). Odontophrynid amphibians are very 
recent tetraploids and still form multivalents (Becak et al., 1966) and 
salmonid fishes, which are over 50 million years old, and possibly 100 
million years (Lim et al., 1975), may have some residual multivalents 
(Ohno, 1974). However, Ohno's data for the salmonids require verification 
in order to eliminate the possibility of confusion arising from multi-
valents formed by numerous Robertsonian polymorphisms (Nygren et al., 1972; 
Davisson et al., 1973). 
Allopolyploidy occurs through the fusion of gametes from different 
species followed by a polyploidy event because the chromosome numbers, 
structures, and homologies of the chromosomes of the parental species 
are dissimilar. If there has been a sufficient divergence of chromosome 
structure in the two parental species, few, if any, multivalents will 
form from the synapsis of homologous chromosomes. Disomic inheritance 
is thus established almost immediately. The duplicate loci can now 
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readily diverge to new structures and functions or to the point of 
fixation of null alleles at one of the two loci. Circumstantial evidence 
suggests that the Catostomidae, the family of fishes investigated in 
this thesis, were formed by allopolyploidization. The catostomids are 
within the order Cypriniformes, species of which are known to hybridize 
extensively (Hubbs, 1955). Furthermore, the tetraploid cyprinid barb 
appears to be formed by allopolyploidy since it produces no multivalents 
in meiosis (Ohno, 1974). 
Allopolyploidy may seem like a less viable mechanism for forming 
polyploids because of the possible abnormal nucleocytoplasmic interactions 
which can occur in an interspecies hybrid formed from more distant species 
(Whitt et al., 1977). However, the presence of different species genomes 
in a common cytoplasmic environment sometimes results in "heterosis" and 
any heterosis would be fixed in an allopolyploid. Such heterosis has 
been postulated at the gene level (Bender and Ohno, 1968; Spofford, 1969; 
Fincham, 1972). An increased diversity of gene products has been 
postulated for the persistance of polyploid weevils (Lokki, 1976), 
poeciliopsid fishes (Vrijenhoek, 1975), and composites among plants 
(Gottlieb, 1976). Autopolyploids would be expected to have fewer 
divergent genes than allopolyploids initially, and it is conceivable that 
a fixed heterozygote advantage is gained for autopolyploids by the 
permanent fixation of a few alleles at specific loci. In Chapter V, I 
will discuss this point further and reveal the levels of genetic 
variability present at duplicate and single loci in the tetraploid 
catostomid fishes. I will also attempt to relate levels of genetic 
variability to the probability of fixation of null alleles at duplicate 
loci. 
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After disomy is established in a newly formed auto- or allopolyploid, 
the duplicate genes will begin to diverge in their structure. Two fates 
are possible for the new loci: loss of expression of one of the genes, 
or the retention of duplicate gene expression. It is important to 
realize that lesions at several genetic and cellular levels could con-
tribute to the formation of the "null phenotype": production of non-
functioning proteins (CRM), faulty mRNA, nontranscription of DNA, or dven 
the physical loss of the structural gene or its regulatory elements. 
If the duplicate genes persist for a reasonable length of time, 
they would be able to diverge in their structure and would also be able 
to diverge in their tissue expressions. There is considerable evidence 
for duplicate genes whose products have diverged in their amino acid 
sequence by direct sequencing techniques and indirectly by immunochemical 
procedures (Dayhoff, 1972; Bailey et al., 1970, Markert et al., 1975). 
One of the relatively early (e.g. after 50 million years) consequences 
of divergence of the amino acid sequence of paralogous gene products is 
their acquisition of different net charges, differences which are readily 
detected by electrophoresis (Bailey and Wilson, 1968; Massaro and Markert, 
1968; Allendorf et al., 1975; Engel et al., 1975; Ferris and Whitt, 1977a, 
1977b). 
In the case of many multilocus isozyme systems, evolution of 
regulatory gene sequences can bring about a marked divergence of temporal 
and spatial expressions of the duplicate genes. The mechanisms responsible 
for differentially activating and modulating related genes among 
differentiated cell types is one of the central problems in developmental 
biology. The means by which such temporal and spatially specific patterns 
of gene expression are formed is one of the more exciting questions of 
evolutionary biology (Flickinger, 1975). 
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A general assumption of this thesis is that tetraploid fishes 
provide a model system to study the evolution of differential gene 
expression. Differential gene expression is believed to have as its 
underlying basis, changes primarily in regulatory genes. Evidence for 
the existence of regulatory genes in eukaryotes is becoming substantial. 
In Drosophila there is the recently discovered regulatory gene for 
alcohol dehydrogenase (Thompson et al., 1977), the rosy locus for xanthine 
dehydrogenase (Chovnick, 1976), and the engrailed locus which controls 
compartmentalization during wing development (Lawrence and Morata, 1976). 
Indirect evidence for gene regulation comes from the behavior of gene 
expression in hybrid cell cultures (Davidson, 1974), measurements of 
synthesis and catabolism of related isozymes (Nadal-Ginard, 1978), and 
polymorphisms in the patterns of expression of esterase genes in 
development of certain Hawaiian Drosophila (Nair et al., 1977). Evidence 
of regulatory gene evolution has also been inferred from the loss of 
lactate dehydrogenase-B locus expression in the erythrocytes of myomorph 
rodents (Shows et al., 1969), the increasing incidence of aberrant gene 
expression in progressively more genetically differentiated species 
(Whitt et al., 1977) and correlations of degree of chromosomal re-
arrangements with morphological divergence (Wilson et al., 1974). 
Regulatory evolution can also be inferred from the changes in tissue 
patterns of gene expression through phylogeny (Markert et al., 1975; 
Fisher and Whitt, 1978). The further elucidation of the early stages of 
this process is one of the objectives of this thesis and is the topic 
of Chapter VI. 
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F. Why Isozymes are Useful Tools for Investigating the Evolution of 
Duplicate Genes 
Enzymes are useful probes of gene evolution because they are 
sensitive indicators of gene expression, have for the most part known 
physiological roles and cellular locales, and specific enzymes are 
usually coded by one or a few loci. Isozymes, or multiple molecular 
forms of an enzyme (Markert and Moller, 1959), are often important markers 
of specific cells and specific stages of development (Markert and Ursprung, 
1971) and are useful in studying the relationships among species and for 
establishing the paralogous and orthologous relationships among macro-
molecules. For example, allelic isozymes (allozymes) have been employed 
in the elucidation of genetic variability within species (Lewontin, 1974) 
and the genetic differences between species (Nei, 1972; Avise, 1975). 
Isozymes (multilocus or allelic) are not only useful probes of biological 
processes but they are also important participants in these processes, 
playing significant developmental, cellular, and evolutionary roles 
(Markert, 1975). 
Methods of analyzing isozyme evolution include protein sequencing, 
immunological assessment of homology, X-ray crystallography, and _in vitro 
molecular hybridization. But electrophoresis remains as one of the most 
simple yet powerful procedures to study isozyme number and relatedness. 
Under appropriate conditions, electrophoresis is able to separate 
macromolecules on the basis of their net charge, shape, and size (Shaw, 
1969). It should be kept in mind that only one-third of all amino acid 
substitutions result in a detectable net charge difference based on con-
siderations of the genetic code (King, 1973). However, Johnson (1973) 
claims that in actual practice, a considerably larger fraction of 
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substitutions is able to alter the net charge or shape and be detected 
by more rigorous molecular sieving procedures. The fact that only one-
third of the amino acid substitutions produces a readily detectable net 
charge difference is not a serious drawback to the present study because 
I am analyzing isozymes encoded in orthologous and paralogous genes 
which have had sufficient time (millions of years) to diverge in their 
structure so that many alterations in net charge will have accumulated. 
Further support for this assumption is presented in Chapter III of this 
thesis. In the present study, starch gel electrophoresis of isozymes 
coupled with histochemical staining procedures is used to investigate 
the loss of duplicate gene expression and the divergence of duplicate 
gene expression following polyploidization. 
G. Why Fish Were Selected as Experimental Organisms 
Fish are the most abundant of all vertebrates (Romer, 1970) and exist 
in many diverse environments. Many extant taxa are like their ancestors 
in their ability to undergo polyploidizations. One consequence of genome 
doubling is a rich array of homologous isozymes available 
for studying gene phylogeny (e.g. Avise and Kitto, 1973; Whitt et al., 
1973) and patterns of evolution of duplicate gene expression among 
tissues (Markert et al., 1975; Fisher and Whitt, 1978). 
Catostomid fishes are particularly advantageous for investigating 
events occurring at duplicate genes after polyploidization. The time of 
origin of the tetraploidization event is relatively well known (Uyeno and 
Smith, 1972) at 50 million years. This is sufficient time for divergence 
in the nucleotide sequences between the duplicated copies for structural 
and regulatory genes. Furthermore, there are now over 60 species in 11 
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genera, and a sampling of many species provides an evolutionary view of 
the process of duplicate gene evolution. This evolutionary approach is 
a common theme in all the subsequent chapters of this thesis. Cato-
stomid populations are large and usually widely geographically 
distributed. The individuals are of a size that is easy to obtain ample 
amounts of any of the key tissues. Lastly, a reasonably detailed 
phylogeny may be constructed using morphological data from the literature 
for comparison with phylogenies based on duplicate gene expression. 
H. Obiectives of This Thesis 
The main objective of this thesis is to quantitate the amount of 
duplicate gene expression lost in different evolutionary lineages and to 
determine the extent tnat this loss is dependent on both speciation 
events and divergence times. Another objective is to determine the 
extent of divergence of duplicate gene expression within and between 
tissues of different species and to identify those components which con-
tribute most heavily to the divergence in tissue expression of related 
genes. Because this research constitutes the first such detailed 
analysis of this process, I am attempting only to describe the evolution-
ary outcomes and the possible significance of this gene divergence and 
leave for the future the investigations into the detailed genetic and 
molecular mechanisms responsible for the loss and divergence of duplicate 
gene expression. Some of the genetic mechanisms involved in genie 
diploidization have been indirectly assessed by my investigation of the 
level of genetic variability present in these tetraploid species. It 
is hoped that these different analyses will elucidate some of the 
components contributing to the evolution of duplicate gene expression 
after polyploidization. 
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CHAPTER II 
GENERAL MATERIALS AND METHODS 
A. Sources of Organisms 
Thirty species of catostomids were employed in the study. The 
sources and sample sizes for populations of each species are listed in 
the Appendix to Chapter III. Fish were stored frozen at -4° C and 
analyzed within three months after capture with the exception of Chasmistes 
brevirostris and Catostomus luxatus which had been frozen for two years. 
The isozyme patterns of tissues from frozen and fresh, unfrozen specimens 
were compared for four species: Ictiobus bubalus, Carpiodes cyprinus, 
Erimyzon oblongus, and Catostomus commersoni. No differences were 
detected in the isozyme patterns of frozen and unfrozen tissues. 
Most catostomids were obtained by seining or electroshocking in 
Champaign and Vermillion County, or from commercial fishermen along the 
Mississippi River. The following individuals aided in the collecting of 
fish from Illinois or other regions in the United States: 
Dr. James Andreason, Oregon State University (now at Brigham 
Young University) 
Paul Beatty, University of Illinois 
Donald Buth, University of Illinois 
Dr. Thomas Liles, Willowbeach National Fish Hatchery, Arizona 
Dr. Richard Pettus, Colorado State University 
Dr. David Phillip, University of Illinois 
Michael Prewitt, Colorado State University 
Dr. James Shaklee, University of Illinois (now at the University 
of Hawaii) 
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B. Sources of Reagents 
Starch used in this analysis was from lots 302, 303, or 371 from 
Electrostarch Company, Madison, Wisconsin. All reagents used in histo-
chemical staining procedures were purchased from Sigma Chemical Company, 
St. Louis, Missouri. All inorganic chemicals used were reagent grade or 
better. 
For immunological studies, antisera were employed which had been pre-
pared by other workers. Anti-alewife LDH-A, and Anti-alewife LDH-B, were 
a gift of Dr. James Shaklee and Dr. Clement Markert, prepared in 1972 at 
Yale University. Anti-sea trout LDH-C, was provided by Dr. 
Gregory Whitt. Anti-green sunfish CK-A- was a gift of Dr. Suzanne Fisher, 
University of Illinois, 1977. 
C. Preparation of Enzyme Extracts 
Fish were thawed and tissues dissected and placed in two volumes of 
0.1 M Tris HCl pH 7.0 at 4 C. Initially, ten tissues were dissected to 
determine the best tissues and enzymes to study: white skeletal muscle, 
heart, eye, brain, stomach (contents removed), gill, liver, spleen, 
gonad, and kidney. During surveys of duplicate gene expression, only one 
or two tissues were routinely examined for each enzyme, generally that 
tissue in which the enzyme predominates in its expression. These tissues 
are indicated in Table 1 of Chapter III. In addition, all 10 tissues 
were analyzed for each enzyme for 15 species of catostomids, including 
representative species from all the genera. These species are indicated 
by a t in the Appendix to Chapter III. Tissues were homogenized 5-30 
seconds, depending on the tissue, with a Potter-Elvehjem motor driven 
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homogenizer, centrifuged at 27,000 xg for 20 minutes at 4° C 0.001 M |3 
mercapto ethanol was added to those extracts which were to be stained 
for alcohol and xanthine dehydrogenases. The supernatants were then 
loaded onto starch gels within an hour after preparation. 
D. Preparation of Starch Gels and Electrophoretic Conditions 
Starch gels were prepared with 15% starch (weight/volume) made from 
65 grams starch and 430 ml of buffer. Electrophoresis was carried out 
vertically at 6 C with apparatus from Buchler Instruments, Inc., Fort 
Lee, New Jersey. 
Four different buffer systems were used to resolve the isozymes of 
this study. The first was the EDTA-Borate-Tris (EBT) pH 8.6 buffer 
described by Wilson et al. (1973). The stock buffer contained 0.02 M 
EDTA, 0.5 M boric acid, and 0.9 M Tris (tris-hydroxy methyl-aminomethane). 
Gels were made with a 1:20 dilution of the stock. The cathodal electrode 
chamber was made from a 1:4 dilution of the stock buffer and the anodal 
chamber from a 1:6 dilution. Gels were electrophoresed 18-20 hours at 
250 volts. 
The second buffer was the Tris-citrate (TC) buffer devised by Whitt 
(1970). A stock buffer contained 0.75 M Tris which was titrated to 
pH 7.0 with citric acid (monohydrate). Gels were made with a 1:20 
dilution of the stock. The cathodal electrode chamber was made with a 
1:4 dilution, and anodal electrode chamber with a 1:6 dilution. Gels 
were electrophoresed 18-20 hours at 200 volts. 
The third buffer system was the histidine-citrate (Brewer) buffer 
described by Brewer (1970). Extracts were electrophoresed at either 
pH 7.0 or pH 8.0. Gel concentrations were slightly modified from those 
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described by Brewer. The gel buffer was 0.0036 M histidine-HCl titrated 
with NaOH to pH 7.0 or 8.0. Both electrode chambers contained 500 ml of 
0.29 M trisodium citrate which was titrated to the same pH as the gel 
with citric acid (monohydrate). Electrophoresis was carried out at 
175 volts for 5-7 hours. 
The fourth buffer was Boric acid-NaOH (Sackler) pH 8.6 as described 
by Sackler (1966). A stock buffer was made with 0.25 M boric acid 
titrated with NaOH to pH 8.6. Gels consisted of a 1:10 dilution of the 
stock. Undiluted stock was used in each of the electrode chambers. 
Fourteen enzymes encoded by 20 loci were studied. The enzymes were 
selected from those whose genetic and molecular basis was known in diploid 
teleosts. The enzymes and their isozymes, locus abbreviations, E.C. 
numbers, subunit numbers, and buffer systems used to resolve them are 
given in Table 1. 
E. Staining of the Gels 
Enzyme staining was usually modified from Shaw and Prasad (1970). 
The enzyme, staining buffer and pH, amount of substrate, coenzyme, co-
factor, or coupling enzyme used to visualize the enzyme are listed in 
Table 2. Creatine kinase was stained by two different procedures, one 
staining for creatine kinase activity and the other a general protein stain. 
Because adenylate kinase is stained as an artifact of the histochemical 
staining for creatine kinase activity, it is necessary to stain one-half 
of the starch gel with all the staining reagents and one-half of the gel 
with these reagents except the substrate phosphocreatine. Only the 
adenylate kinase is stained in the absence of phosphocreatine. Because 
the creatine kinase-A„ isozyme found in muscle of fish comprises 16% of 
Table 1 
Nomenclature, Subunit Numbers, and Electrophoresis Buffer Systems for the Enzymes 
Used in This Thesis 
Enzyme 
Acid phosphatase 
Adenylate kinase-A 
Alcohol dehydrogenase 
Aldolase-C 
Creatine kinase-A 
Creatine kinase-B 
Cytosol-aspartate amino 
transferase 
Cytosol-malate 
dehydrogenase-A 
Cytosol-malate 
dehydrogenase-B 
Glucosephosphate 
isomerase-A 
Glucosephosphate 
isomerase-B 
Locus 
Acp 
Ak-A 
Adh 
Ald-C 
Ck-A 
Ck-B 
S-aat 
Mdh-A 
Mdh-B 
Gpi-A 
Gpi-B 
E.C. Number^ 
3.1.3.2 
2.7.4.3 
1.1.1.1 
4.1.2.13 
2.7.3.2 
2.7.3.2 
2.6.1.1 
1.1.1.37 
1.1.1.37 
5.3.1.9 
5.3.1.9 
Subunit 
Number 
2 
1 
2 
4 
2 
2 
2 
2 
2 
2 
2 
Electrophoresis 
Buffer System* 
EBT 
Brewer, TC 
Sackler 
Brewer, TC 
EBT 
EBT 
Brewer 
TC, Brewer 
TC, Brewer 
EBT 
EBT 
u> 
Table 1 (continued) 
Enzyme 
Glycerol-3-phosphate 
dehydrogenase 
Lactate dehydrogenase-A 
Lactate dehydrogenase-B 
Lactate dehydrogenase-C 
Mitochondrial malate 
dehydrogenase 
Phosphoglucomutase 
6-Phosphogluconate 
dehydrogenase 
Superoxide dismutase 
Xanthine dehydrogenase 
Locus 
G-3-pdh 
Ldh-A 
Ldh-B 
Ldh-C 
M-mdh 
Pgm 
6-Pgd 
Sod 
Xdh 
t 
E.C. Number 
1.1.1.8 
1.1.1.27 
1.1.1.27 
1.1.1.27 
1.1.1.37 
2.7.5.11 
1.1.1.44 
1.15.1.1 
1.2.1.37 
Subunit 
Number 
2 
4 
4 
4 
2 
1 
2 
2 
2 
Elee trophores is 
Buffer System* 
Brewer 
TC, Brewer 
TC, Brewer 
TC, Brewer 
TC, Brewer 
Brewer 
TC, Brewer 
EBT, TC 
Sackler 
f-
IUPAC-luB Commission on Enzyme Nomenclature (1973). 
it 
All Brewer buffers pH 8.0 except for Acp, which was pH 7.0. 
Table 2 
Histochemical Staining Conditions for the Fourteen Enzymes Used in the Analyses 
Enzyme 
Acid phosphatase 
Adenlylate kinase 
"Alcohol dehydro-
genase 
Aldolase 
Creatine kinase 
Staining 
Buffer and pH 
0.1 M Tris 
maleate pH 5.5 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 7.0 
Substrate 
50 mg naphthyl 
acid phosphate 
45 mg glucose 
25 mg ADP 
5 ml 95% 
ethanol 
500 mg fructose-
1,6 diphosphate 
50 mg phos-
phocreatine 
45 mg glucose 
25 mg ADP 
Coenzyme 
5 mg NADP 
5 mg NAD 
7.5 mg NAD 
5 mg NADP 
Cofactor 
10 mg 
MgCl2 
75 mg 
sodium 
arsenate 
10 mg 
MgCl2 
Coupling 
Enzyme 
20 units 
G-6-PDH 
40 units 
hexokinase 
1000 units 
glyceralde-
hyde-3-
phosphate 
dehydrogenase 
20 units 
glucose-6-
phosphate 
dehydrogenase 
(G-6-PDH) 
40 units 
hexokinase 
Dyes 
50 mg Black 
K Salt 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
mg PMS 
mg NBT 
mg PMS 
mg NBT 
mg PMS 
mg NBT 
mg PMS 
mg NBT 
Table 2 (continued) 
Enzyme 
Staining 
Buffer and pH Substrate Coenzyme Cofactor 
Coupling 
Enzyme Dyes 
Aspartate amino 
transferase 
Malate dehydro-
genase 
Glucosephosphate 
isomerase 
Glycerol-3-
phosphate 
dehydrogenas e 
Lactate dehydro-
genase 
Phosphoglucomutase 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 7.0 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 8.0 
0.25 M Tris HCl 
pH 7.0 
250 mg L-
aspartate 
100 mg a-keto-
glutarate 
670 mg sodium 
malate 
45 mg fructose-
6-phosphate 
1000 mg 
glycerol-3-
phosphate 
960 mg lithium 
lactate 
50 mg glucose-
1-phosphate 
5 mg 
pyridoxal 
5'phosphate 
5 mg NAD 
5 mg NADP 10 mg 
5 mg NAD 
5 mg NAD 
MgCl, 
20 units 
G-6-PDH 
5 mg NADP 10 mg 
MgCl0 
20 units 
G-6-PDH 
100 mg Fast 
Blue BB 
3.5 mg PMS 
3.5 mg NBT 
3.5 mg PMS 
3.5 mg NBT 
3.5 mg PMS 
3.5 mg NBT 
3.5 mg PMS 
3.5 mg NBT 
3.5 mg PMS 
3.5 mg NBT 
6-Phosphogluconate 0.25 M Tris HCl 50 mg 6-phospho- 5 mg NADP 
dehydrogenase pH 8.0 gluconate 
3.5 mg PMS 
3.5 mg NBT 
Table 2 (continued) 
Enzyme 
Staining 
Buffer and pH Substrate Coenzyme Cofactor 
Coupling 
Enzyme Dyes 
Superoxide 
dismutase 
Xanthine 
dehydrogenase 
0.5 M Tris HCl 
pH 9.0 
0.25 M Tris HCl 
pH 8.0 
1000 mg 
hypoxanthine 
5 mg NAD 
7 mg PMS 
7 mg NBT 
3.5 mg PMS 
3.5 mg NBT 
00 
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the soluble protein in this tissue (Gosselin-Rey and Gerday, 1970) this 
creatine kinase could also be visualized by a general protein stain. 
Gels were stained for protein by incubating a slice in amido blue black 
solution for 20 minutes. This solution consisted of 8 g amido blue black, 
250 ml water, 250 ml methanol, and 50 ml glacial acetic acid. Gels were 
then destained by repeated rinsing in Smithies solution (water-.methanol: 
glacial acetic acid:glycerine, 5:5:2:2). 
F. Immunoprecipitation Plus Electrophoresis Technique 
When antibodies were used to determine the orthologous and paralogous 
relationships of the lactate dehydrogenase and creatine kinase isozymes 
in some of the species, we used the immunoprecipitation plus electro-
phoresis technique described by Markert and Holmes (1969) and Fisher 
(1978). 
G. Recording the Data 
After each gel was stained it was carefully photographed and the 
negatives stored for a permanent record of the data. Black and white 
photographs were taken on Pan-X film with a Minolta SR101 35mm camera. 
Contact prints were mounted on gel sheets which indicated the date, 
buffer system, voltage, tissues, and species employed. 
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I 
CHAPTER III 
PHYLOGENY OF TETRAPLOID CATOSTOMID FISHES BASED ON 
THE LOSS OF DUPLICATE GENE EXPRESSION 
I have previously emphasized the important role which gene 
duplication has played in evolution in general and in the early evolution 
of vertebrates in particular. The main question I wished to investigate 
for my thesis was "What are the fates of the duplicate genes which have 
been formed by polyploidization?" Since I did not want to study the 
fates of genes which had been formed either by too recent or too ancient 
duplication events, I chose the catostomid fishes, which arose by a 
tetraploidization event approximately 50 million years ago. These fish 
are an excellent model system for studying gene evolution following 
polyploidization because sufficient time has elapsed for changes in the 
structural genes encoding isozymes and changes in nucleotide sequences 
responsible for the regulation of expression of these genes. Although 
the genes were old enough to have diverged in their structure and 
regulation, they were young enough that many duplicate loci have not 
been silenced by mutational events. 
The first phase of the investigation determined how many duplicate 
genes remained expressed among species of Catostomidae after 50 million 
years. The results were presented in an abbreviated form in a report to 
Nature (Ferris and Whitt, 1977a). It was found that the average 
catostomid expressed 47% of its genes in duplicate and that these species 
differed in the levels of duplicate gene expression retained. Morpho-
logically primitive species retained more duplicate gene functions (58%) 
than morphologically advanced species (42%). Because of the different 
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levels of the duplicate gene expression among these species there was an 
excellent opportunity to determine whether the patterns of loss of 
duplicate gene expression could be used as an additional parameter (besides 
morphology) to study the evolutionary relationships of tetraploid species. 
The following chapter is entitled "Phylogeny of Tetraploid Catostomid 
Fishes Based on the Loss of Duplicate Gene Expression" and is in press 
in Systematic Zoology. The duplicate gene expression data were used to 
generate several kinds of trees, phenetic and cladistic. The trees 
generated were similar in their topology to trees based on morphology. 
In addition to my demonstration that gene duplication data are useful for 
elucidating relationships among polyploid organisms, this next chapter 
details most of the assumptions and criteria for establishing the number 
of duplicate genes expressed in a species, assumptions and criteria which 
underly the research investigations in the subsequent chapters of the 
thesis. 
A. Introduction 
A continuing challenge in the use of the cladistic method in 
systematics is the identification of primitive and derived character 
states (Mayr, 1976). This problem becomes particularly acute when 
allelic isozyme (allozyme) data are employed in the analysis. For 
example, Avise (1974) has suggested primarily phenetic means of analyzing 
such data, whereas Farris (1972) has derived several statistical 
approaches for determining ancestral positions in Wagner Networks 
(Lundberg, 1972) so that phylogenies may be inferred. The present report 
describes the analysis of a biological system in which multilocus isozyme 
data may be readily coded into primitive and derived character states. 
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This method of analysis should be useful for assessing the relationships 
of species whose ancestors have undergone substantial gene duplications. 
Specifically, we report the results of phenetics and cladistics based on 
the loss of duplicate gene expression in tetraploid catostomid fishes 
(Teleos tomi, Cypriniformes). 
The Catostomidae are a coherent family of predominantly North 
American freshwater fishes. Their coherence arises in part from their 
presumed descent from a single tetraploid ancestor 50 million years ago 
(Uyeno and Smith, 1972). Uyeno and Smith have demonstrated that species 
of catostomids have twice the number of chromosomes and cellular DNA 
content of related families of Cypriniformes, e.g. the diploid species of 
cyprinids. Ferris and Whitt (1977a) have investigated the expression of 
duplicate genes in representatives of most of the catostomid genera by 
employing starch gel electrophoresis of enzymes encoded in 20 loci (the 
diploid number). The average catostomid species expressed 47% of its 
genes in duplicate (range 35-65%), this observation is consistent with tetra-
ploidy followed by a partial functional diploidization. As a consequence 
of our observation of substantial differences in the extent of duplicate 
gene expression among species we decided to test the possibility that these 
differences in gene expression would reflect their evolutionary relation-
ships. Since our analysis may eventually be applicable to other poly-
ploid taxa, e.g. certain invertebrates (Muldal, 1952; Kerr and Da Silveira, 
1972), some species of teleost fishes (Schultz, 1969; Allendorf et al., 
1975), reptiles (Uzzell, 1970), and amphibians (Bisbee et al., 1977), 
and many species of plants (Stebbins, 1950). The assumptions underlying 
the analyses and the coding of character states should be carefully 
examined. 
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B. Determination of Character States 
For the purpose of this discussion, a character is defined as a 
gene locus which produces a functional protein, usually an enzyme. An 
example is the Pgm gene locus, which encodes the enzyme phosphoglucomutase. 
A character has one of two possible states. In a newly formed tetraploid 
species there will be two functioning loci (see the qualification below), 
residing on two different chromosomes. Therefore, the character Pgm is 
assigned the state 2. If the newly arisen tetraploid is regarded as 
primitive with respect to future frames of reference, then the expression 
of the two duplicate loci may be considered a primitive condition. If 
in subsequent evolution the tetraploid loses the expression of one of the 
duplicate genes, then the character is derived and coded as 1. (Alter-
natively, the primitive state could be coded as 0 and the derived state 
as 1.) The electrophoretic mobilities of two proteins encoded by 
duplicate loci in two different tetraploid species will often be different, 
yet the character (i.e. the expression of both loci) is coded as a 2 in 
both instances. We emphasize that the character states involve only the 
number of loci encoding the enzyme. In the present study we have 
assumed that this loss of expression can occur at either of the two 
distinguishable loci. If we are eventually able to obtain persuasive 
data on the orthologous and paralogous relationships of enzyme loci among 
these species an even more refined analysis could be carried out. Regard-
less of which enzyme locus is lost, metabolic constraints would require 
at least one enzyme locus to remain functional to ensure viability. 
How valid are the assumptions underlying the coding of character 
states? First, the assumption that all duplicate genes are functioning 
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in newly formed polyploids can be supported by several kinds of evidence, 
e.g. the cell volume and protein content are proportional to the ploidy 
level in newly formed polyploid individuals (Lucchesi and Rawls, 1973) 
or cells (Epstein, 1966). In addition, the very recent tetraploid frogs 
of the genus Odontophrynus have been shown to have twice the number of 
serum albumins, inherited tetrasomically (Becak et al., 1968). It is 
important to note that in the strict sense of transmission genetics it 
would be incorrect to code a character as two functioning gene loci in a 
newly formed tetraploid species until the genes are inherited disomically. 
During the tetrasomic condition, one is dealing with four alleles at one 
locus. The fixation of a null allele would be impossible because 
of lethality. However, chromosomal diploidization (establishing disomic 
inheritance) is probably rapid in tetraploid animals (see Schwantes et jil., 
1977), and can occur in a matter of generations in plants (Waines, 1976). 
The assumption of a "functional or genie diploidization" occurring 
after the polyploidization event has been well documented. Ohno (1970) 
predicted that if two loci are coding for an enzyme, one locus may 
acquire a previously "forbidden" mutation which renders its gene product 
nonfunctional, without lethal consequences because one functioning 
homologous locus remains. The mutation affecting gene expression could 
occur in the structural gene itself or it could occur in a gene regulating 
the expression of the structural gene (Ohno, 1970; Lim and Bailey, 1977). 
The phenomenon of gene silencing appears to be widespread in various 
tetraploid species of fish (Allendorf jet _al., 1975; Engel et al., 1975; 
Ferris and Whitt, 1977a, 1977b). The genie diploidization process begins 
with the inactivation of an allele in an individual (inferred from the 
absence of isozyme activity on starch gels) and then spreads through a 
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population and ultimately to fixation in the species. Such a null 
allele has been found segregating in populations of tetraploid carp 
Cyprinus carpio (Engel et al., 1973). Ideally, populations from different 
localities should be sampled to ascertain if any null alleles 
are present. Theoretically, if an enzyme were to display extensive null 
allele polymorphism, it should be discarded or weighted less, as 
suggested with some morphological characters (Kluge and Farris, 1969). 
We were unable no detect null alleles at any locus among the species 
which we have examined, with one possible exception. How-
ever, we are unable to exclude the possibility that nulls exist in other 
populations. 
How stable are the character states through evolutionary time? Once 
the duplicate gene expressions have been reduced to a single gene 
expression, the process is nearly irreversible. If a gene is no longer 
producing a functional protein, the intensity of the selection pressure 
to maintain an informational nucleotide sequence would be greatly 
diminished, and each base substitution would tend to persist. Under 
mutational pressure the nucleotide sequence would soon deteriorate to a 
sequence quite different from that encoding a viable protein (Ohno, 1974; 
Lim and Bailey, 1977). If a reversion is to occur, it must happen rela-
tively soon after the gene has been silenced. One estimate of the rate 
of reversion from an inactive to an active gene is 1/100 the mutation 
rate in the reverse direction (Nei and Roychoudhury, 1973). 
Another means by which a single locus (resulting from its functional 
diploidization in a tetraploid species) may reestablish the duplicate 
state is for a tandem duplication of the functioning locus to take place. 
These regional duplications do occur in nature and occasionally persist, 
47 
and include such familiar examples as hemoglobin delta and hemoglobin 
beta in primates (Zuckerkandl and Pauling, 1965). The rate of accepted 
tandem duplications appears to be rather low. Based on our examination 
of 20 loci in 3 diploid cypriniforms (Ferris and Whitt, 1977a, 1977b), 
as well as the data derived from other investigations (Avise and Ayala, 
1976; Buth and Burr, 1978), only one tandem duplication has been observed 
for the many loci and species studied (Ferris and Whitt, 1977b). The 
fact that we have never observed more than two loci coding for a specific 
isozyme suggests that a return to the two locus state must be rare. 
If tandem duplications were frequent, many instances of 3 or more genes 
expressed (i.e. the reduplication of already duplicate genes) should be 
observed. 
There are several potential sources of error in the coding of 
character states. However, as we shall discuss later, these sources of 
error contribute only slightly to estimates of the cladistic relationships 
among the catostomids. One source of error is the possible electro-
phoretic coincidence of gene products of duplicate loci. This level of 
coincidence is estimated to be 5% or less (Ferris and Whitt, 1977a) and 
will be discussed in more detail later. 
Since we defined the two locus states as the production of a 
functional protein, the occasional presence of nonfunctional proteins 
(CRM) should not be construed as a source of error in presumed singly 
expressed loci. We were only able to study the possibility of CRM 
production for one enzyme system, creatine kinase. We were able to rule 
out the possibility of CRM for the singly expressed creatine kinase A 
(CK) loci. Because CK accounts for a substantial fraction of the soluble 
protein in muscle (Gosselin-Rey and Gerday, 1970), it can be visualized 
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by a general protein stain. Therefore, if inactive enzyme or CRM were 
synthesized in substantial amounts it should be detected when the gel is 
stained for protein as is the normal creatine kinase. Figure 1(A) shows 
the CK phenotypes of 10 catostomids from 10 genera stained histo-
chemically for CK activity. The two species at left express duplicate 
genes, and these duplicates are present in equal amounts in both species. 
Figure 1(B) shows the 10 species stained for general protein. There is a 
one-to-one correspondence of enzyme activity and protein bands. No 
additional CRM bands are detected on the gel nonspecifically stained for 
protein. There are limits to the sensitivity of the protein stain and 
thus it is not possible to completely exclude the possibility that low 
amounts of CRM are produced. 
The widespread presence of partially active CRM which is marginally 
functional (close to the threshold of detection), and thus detectable 
under some conditions but not others does not appear to be a likely 
source of error. Many of the isozyme systems investigated were electro-
phoresed on several different buffer systems with different pHs (see 
Table 1 of Chapter II). Isozymes encoded by duplicate loci showed only 
minor changes in relative staining intensities under a variety of pHs 
and staining conditions. Isozymes which were singly expressed at one pH 
remained singly expressed at quite different pHs. An example of the 
response of expression of isozymes encoded by duplicate and single LDH-A 
loci to varying pH is illustrated in Figure 2. Over the course of the 
entire study of many species, enzyme systems and tissues, there was 
obviously some variability in the extraction procedures, electrophoretic 
procedures, and staining conditions. The variability, both controlled 
and uncontrolled, did not in any instance result in a change from the 
Creatine kinase-A locus expression in 10 species of 
catostomids. 
(A) Gel stained histochemically for creatine kinease 
activity. 
(B) Gel stained for general protein, in which creatine 
kinase is the major protein component visualized. 
Comparison of the gel stained with protein with the one 
stained for CK activity revealed no additional bands 
for the single band phenotypes in the gel stained 
specifically for CK. Thus, within the limits of 
sensitivity of the protein stain, no inactive proteins 
(CRM) are being synthesized in species which have undergone 
genie diploidization. 
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Figure 2. Activity of duplicately and singly expressed LDH-A 
isozymes stained at different pHs. 
(A) Single (left) and duplicate (right) isozyme 
expression in letjobus bubalus and Cycleptus 
elongatus, respectively, at pH 7.0. 
(B) Single (left) and duplicate (right) isozyme 
expression in Ictiobus bubalus and Cycleptus 
elongatus, respectively, at pH 9.0. 
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singly expressed state to the doubly expressed state or vice versa. 
Threshold activities of one of the gene products must not be a common 
phenomenon. 
Although an extensive characterization of the kinetic divergence 
of duplicate gene products in the catostomids has not yet been carried 
out, we do have some preliminary data bearing on this issue. Starch gels 
were stained with a variety of substrate analogues of lactate and alcohol 
to determine whether the lactate and alcohol dehydrogenase isozymes, 
respectively, produced by the recent gene duplications have diverged in 
their specificity for these analogues. The lactate analogues a-hydroxy-
butyrate, (3-hydroxybutyrate, phenyl-lactate, and a-hydroxyvalerate were 
used in staining the LDH isozymes of a species with duplicate Ldh-A 
genes and a species with single Ldh-A gene expression. In the first 
instance, as shown in Figure 3(A) for Cycleptus elongatus, relatively 
minor changes in the ratios of staining intensities of the isozymes were 
observed when a-hydroxybutyrate was used, no marked shift in the 
affinities of the isozymes toward the analogue were observed. Use of the 
other analogues or the substitution of the cofactor NADP for NAD resulted 
in a substantial and equal reduction in the activity of all the LDH 
isozymes. The single A, isozyme of Erimyzon sucetta presumably encoded 
by a single LDH-A locus, persisted and no additional bands were detected 
when substrate analogues other than lactate were used. The multiple 
LDH-B, isozymes encoded in the duplicate B loci of three species 
(Carpiodes cyprinus, E. sucetta, and Catostomus comtaersoni) also responded 
equivalently when the different substrate analogues were used. Figure 2(B) 
shows that the same single band of alcohol dehydrogenase is observed when 
either ethanol or propanol is used as the substrate, in C. cyprinus. 
Relative activities of duplicately and singly expressed 
isozymes with different substrate analogues. 
(A) Expression of duplicate LDH-A, isozymes in 
Cycleptus elongatus with lactate (left) 
and a hydroxybutyrate (right). 
(B) Expression of the single ADH isozyme in 
Carpiodes cyprinus with ethanol (left) and 
propanol (right). 
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We have also considered the less likely possibility that the number 
of duplicate loci might conceivably also be underestimated if the protein 
products of these loci to have diverged from their "isozyme" status to 
that of two different enzymes with non-overlapping substrate specificities. 
If they had diverged to become different enzymes they would not be 
detected by the same histochemical staining procedure. Radical divergence 
in pH optima, for example, could also conceivably lead to a failure to 
detect the expression of a duplicate gene. These sources of error are 
not as likely for the conservative enzyme systems (primarily the glucose 
metabolizing enzymes) that we have employed. These enzymes are relatively 
conservative with respect to the rate of accepted amino acid substitutions 
(Dayhoff, 1972). It appears to take much longer than 50 million years 
for the formation of completely different substrate specificities 
(Eventhoff and Rossman, 1975; Zuckerkandl, 1975). 
Our assumption that the duplicate loci have not had time to diverge 
to encode entirely different enzymes is further supported by the per-
sistance of a number of multiple locus isozyme systems over a 500 million 
year period (Markert et al., 1975; Fisher and Whitt, 1978; Fisher et al., 
1978 in preparation) without any significant change in the affinity for 
the primary substrate. It is Important to note that some duplicate loci 
in the polyploid salmonids, e.g. LDH-A, have had an opportunity to diverge 
for 100 million years yet their isozymes posses almost identical kinetic 
properties (Lim and Bailey, 1977). 
All the above considerations indicate that the con-
servatively evolving enzymes encoded in the recently duplicated genes 
in the catostomids have not had time enough to diverge radically in their 
kinetic properties. Therefore, the histochemical visualization procedures 
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employed in this analysis should detect most duplicate gene products if 
they are present and functional. 
Another possible source of underestimation of the duplicate genes 
could be due to a developmentally restricted expression of one of these 
genes. A detailed study of the catostomid Erimyzon sucetta (Shaklee 
et al., 1974) revealed no instance of a complete restriction of the 
expression of one of the duplicate genes to embryogenesis. Because spatial 
isolation of duplicate gene expression among different tissues can occur 
(Markert et _al., 1975; Ferris and Whitt, 1977b), we have monitored gene 
expression in ten tissues of representative species in each genus. (See 
Appendix for the tissues and species examined.) 
The phylogenetic age of polyploids has important implications with 
respect to the interpretation of the number of electrophoretically 
distinguishable duplicate loci. In very recent polyploids (e.g. less 
than a million years) many of the gene products will have the same or 
similar electrophoretic mobilities (Schwantes et al., 1977), since their 
amino acid sequences are likely to be identical or nearly identical. As 
time elapses, more proteins encoded by duplicate loci will diverge in 
their amino acid sequences until they are electrophoretically resolvable 
isozymes. Presumably, during the period of electrophoretic divergence 
there will also be a silencing of the expression of some of the duplicate 
genes, so that the relative contributions and the interplay of increased 
electrophoretic divergence and decreased duplicate gene expression must 
be evaluated. 
Using the theoretical formulations of Nei and Chakraborty (1973), 
we have estimated (Ferris and Whitt, 1977a) that in the 50 million year 
history of the catostomids 95% of the duplicate loci will have diverged 
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so that the corresponding proteins have different electrophoretic 
mobilities. Through our observations of genetic variants of 68 different 
presumed single locus phenotypes among all species and all enzymes we 
were able to exclude a cryptic 2nd locus contribution in 65 of 68. This 
observed low level of cryptic duplicate gene expression is consistent 
with the theoretical level. Thus, in the catostomids, the occurrence of 
a single band on a gel is the result of functional diploidization in 
most cases. The generalized profile of structural divergence, diploid-
ization and their interaction is illustrated in Figure 4. In Figure 4(A), 
Nei and Chakraborty's curve of the probability of divergence of electro-
phoretic mobility is plotted as a function of time. A curve with a 
similar shape (but different absolute values) has also been presented by 
Sarich (1977). Figure 4(B) illustrates the hypothetical curve describing 
the loss of duplicate gene expression over time. It is not possible to 
obtain data on the exact shape of this curve as a function of time. We 
know only that immediately after a polyploidization all duplicate genes 
are expressed, and that the average catostomid has functionally lost 
approximately 53% of its duplicate genes after 50 million years. We have 
made the simplifying assumption that the process is linear. The curve 
is unlikely to be highly curvilinear since duplicate genes are still 
losing their expression among species which have evolved in the last 
5-10 million years (see Section E). The multiplication of the curves in 
Figure 4(A) and 4(B) (because the processes are independent events) 
yields the curve in Figure 4(C). At some time a maximum of duplicate 
genes will be detected by electrophoresis. We wish to point out that 
this optimum exists rather than emphasize the precise times and per-
centages involved. Routine electrophoretic procedures would not yield 
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Figure 4. The roles of structural gene divergence and diploidization 
in the electrophoretic detection of gene duplication. 
(A) Nei and Chakroborty's curve of the percent of 
electrophoretic divergence as a function of time. 
(B) Hypothetical curve of diploidization of duplicate 
loci as a function of time. 
(C) The efficiency of electrophoretic detection of 
duplicate gene expression as determined by 
combining (A) and (B). At one point in time there 
is a maximum percent detectable, but at this point 
(and earlier ones) there is considerable coincidence 
of duplicate gene products compared to 50 million 
years. 
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data for an optimal taxonomic analysis shortly after a polyploidization 
event, or even somewhat later when a maximum of duplicate genes is 
detectable. During these times there is considerable coincidence of 
duplicate locus products on a gel and therefore more ambiguity in 
detecting synapomorphy [shared derived character states (Hennig, 1966)]. 
As Hennig has stated, synapomorphy is essential for cladistic analysis. 
The determination of the extent of diploidization should also be 
possible in polyploid taxa of more recent origin than the catostomids. 
In order to analyze such recently polyploid species it will become 
necessary to survey a larger number of individuals and populations to 
find genetic variants which help elucidate the number of loci expressed. 
The number of functioning loci is determined by the relative staining 
intensities of the isozyme bands which will be discussed below. It will 
probably be helpful to employ more refined, but also more laborious 
techniques such as RNA-DNA hybridization (Schmidtke and Engel, 1976), 
heat denaturation (Bernstein et al., 1973), and variations in molecular 
sieving (Johnson, 1976), to determine if a single band is coded by one 
locus or two. 
C. Experimental Considerations 
Several criteria were used for establishing the orthologous relation-
ships of isozyme loci among the species. An enzyme encoded in only a 
single locus, present in all species with a characteristic tissue 
distribution of activity, was considered orthologous. In addition, 
isozyme loci which were restricted in their expression to only one tissue 
such as alcohol dehydrogenase in liver and creatine kinase-A primarily 
in muscle were inferred to be orthologous because they are found with 
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these tissue specificities in all catostomids and in fact in all teleosts 
in general. This orthology is often evident by common (or similar) 
electrophoretic properties, enzyme concentrations, and in some case, 
has been shown by close immunochemical relatedness. 
Multilocus isozymes which arose by ancient gene duplications (e.g. 
500 million years ago) have frequently evolved very specific tissue 
patterns of expression which persist through almost all vertebrate 
species and thus permit the ready determination of the homologies of 
these genes. For example, Ldh-A is expressed predominantly in skeletal 
muscle of most teleosts, while Ldh-C is predominantly expressed in liver 
in several families of cypriniforms, including the catostomids (Shaklee 
et al., 1973; Markert _et al., 1975). 
As suggested above, characteristic relative electrophoretic mobilities 
of multilocus isozymes which are present in most species can also give 
clues to their homologies when several genes are functioning within a 
single tissue. For example, in liver of cypriniforms, LDH-C, is typically 
less anodally migrating than the LDH-A, and LDH-B, isozymes. 
Lastly, we have in several instances employed antibodies to LDH-A,, 
LDH-B,, LDH-C,, and CK-A„ to determine the orthologous relationships of 
these isozymes among different catostomid species; these determinations 
verified the locus assignments established by other criteria. 
After determining the orthologous relationships among the different 
species we used one or more different criteria to determine the number 
of functional loci within each species. Prior to the discussion of these 
four criteria it is important to point out that the electrophoretic gels 
are scored differently than in most biochemical systematic studies. The 
primary focus of our study is the determination of the number of isozyme 
63 
loci expressed in a species, not the frequency of alleles within a 
species or the sharing of alleles among species. 
Criterion a. Allelic variants encoding allozymes of different 
electrophoretic mobility are valuable in determining the number of loci 
expressed. The ratio of activities among the bands in heterozygous 
individuals will be a normal binomial in single locus characters (e.g. 
for a dimeric protein it would be 1:2:1 for the three isozymes). If 
duplicate loci encode isozymes with coincident electrophoretic mobilities, 
then skewed binomial ratios of activity will be apparent in individuals 
heterozygous at one of the loci (e.g. for a diraer it would be 9:6:1 
(Allendorf et .al., 1975)). In cases where there are noncoincident 
electrophoretic mobilities for two different locus products, the 
observation of additional isozyme bands accompanying genetic variation 
at one or both loci provides additional support for the two locus con-
ditions. These interpretations can be facilitated by a knowledge of the 
genetic and molecular bases of the enzymes employed. Most of the enzymes 
investigated in this study are those whose subunit structures and genetic 
bases are reasonably well understood in many species of the teleosts. 
Criterion b. Because the number of loci expressed on a gel is 
important, not gene frequencies, relatively small sample sizes can be 
employed. It is important to have a sample large enough to exclude the 
possibility that all the presumed two locus phenotypes are instead all 
heterozygotes at a single locus. This kind of misinterpretation could 
lead to an overestimate of the number of duplicate loci expressed. The 
probability of obtaining phenotypically identical heterozygous individuals 
is maximized when exactly two alleles are present and these alleles are 
equally frequent. Assuming no heterotic effects operating at a locus, 
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the probability of obtaining a sample of five heterozygotes is therefore 
(0.5) = 0.03, and the probability of obtaining all heterozygotes with 
10 individuals is 0.00098. Although we sampled an average of 20 in-
dividuals for each species, two species were studied in which fewer than 
five individuals were available. Definitive locus assignments for these 
species should be deferred. 
Criterion c. Additional evidence for the duplicate locus state is 
provided because the duplicate loci are often expressed differentially 
among tissues; this behavior is rarely observed for allelic isozymes since 
alternative alleles are almost always expressed codominantly in all 
tissues in which the locus is expressed. 
Criterion d. Further confidence in the assignment of the single 
locus state is obtained from the following electrophoretic analysis. If 
extracts of a number of related tetraploid species are electrophoresed 
on the same gel, and a single band is present in each but they have 
diverged to different mobilities among the species, then multiple coin-
cidences of two proteins (encoded by duplicate loci) becomes improbable. 
Examples from the catostomids are illustrated by creatine kinase-A in 
Figure 1 and phosphoglucomutase in Figure 5. The two species at left 
in Figure 1 have 2 genes expressed for creatine kinase. The simplest 
assumption is that a redundant copy of a gene was silenced once in the 
common ancestor of all the species with single bands, for both creatine 
kinase and phosphoglucomutase. 
Phosphoglucomutase isozymes from species representing 
10 catostomid genera. The appearance of several 
single banded mobility states among the species 
suggests that the extensive coincidence of electro-
phoretic mobilities of duplicate locus products is 
unlikely. 
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D. Materials and Methods 
Locality data and sample sizes of the fish species are given in 
the Appendix. A complete description of materials, methods, and enzyme 
nomenclature is given in Chapter II of this thesis, General Materials and 
Methods. The enzymes studied predominated in one or more of five tissues 
(Ferris and Whitt, 1977b) and these were routinely dissected. In 
addition, we examined the expression of enzyme activity in all ten 
tissues for 15 selected species with at least one representative from 
each genus (see Appendix). 
Our computer analyses utilized three programs: the NUMTAX program 
written by F. J. Rholf and R.B. Selander; the WAGTREE program for Wagner 
trees written by J. S. Farris; the HENNIG MEMORIAL PROGRAM for Wagner 
tree and Weighted Invariant Step Strategy authored by J. S. Farris. 
Programs were run on the IBM 360 at the University of Illinois, Urbana, 
Illinois. 
E. Results and Discussion 
Thirty species of the Catostomidae, representing all genera except 
Myxocyprinus from China, were analyzed at twenty enzyme loci. The 
original data matrix is given in Ferris and Whitt (1977a), and we have 
added four additional species (see Appendix). The complete data matrix 
for the present study and the various criteria used in the assignment of 
character states are shown in Table 1. Many of the species had identical 
arrays of character states and were combined into a single OTU 
(Operational Taxonomic Unit, Sneath and Sokal, 1973). Furthermore, six 
of the 20 enzyme loci were not included in this study because the 
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Footnotes for Table 1: 
* 
The 6 loci in the right most columns have been omitted in this study. 
Two (2) is a primitive state signifying duplicate genes expressed, 1 is 
a derived state, or the loss of duplicate gene expression. Superscripts 
denote the criteria used in the assignment of character states. These 
are: 
a = ratio of activities in isozyme bands of heterozygotes 
revealed either 1 or 2 locus expressions. 
b = with 10 or more individuals, a "fixed heterozygote" pattern 
was more consistent with duplicate locus expressed than with 
heterozygosity at a single locus. 
c = differential expression of duplicate loci was observed within 
or among adult tissues. 
d = different mobility states (separated by at least 2mm) among 
single bands was observed in at least 4 species, suggesting 
a single locus expression for these bands. 
e = a + b 
f = a + c 
g = a + d 
h = b + c 
i = a + b + c 
Character states for which there are no subscripts were determined 
on the basis of their similarity to related species, whose states 
were known. See text for further explanation of criteria. 
icic 
B - brain; M = white skeletal muscle; L = liver, H = heart; 
K = kidney. 
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character states were identical in all species. The result of these 
condensations, made for computational convenience, was a new matrix of 
17 OTUs and 14 characters. 
The 17 OTUs were first compared for their phenetic similarity using 
the weighted and unweighted pair group methods with arithmetic averages 
(WPGMA, UPGMA respectively), based on the simple matching coefficient, 
Ssm (Sneath and Sokal, 1973). These are given in Table 2, and the WPGMA 
phenogram is illustrated in Figure 6. The UPGMA phenogram was nearly 
identical, differing only slightly for the clustering levels. The 
cophenetic correlation in both cases was 0.93. For comparative purposes, 
tribe and subfamily designations as recognized from morphological studies 
have been included in the WPGMA phenogram in capital letters. 
How do the phenograms derived from the levels of gene duplication 
compare to trees constructed from morphological data? At the present 
time there exists no single comprehensive systematic revision of the 
Catostomidae, yet, a hypothetical phylogeny may be constructed from 
various sources. The most significant of these studies are those on the 
Weberian apparatus (Nelson, 1948) and opercular series (Nelson, 1949). 
Nelson concluded that the Catostomidae may be divided into two sub-
families, Cycleptinae and Catostominae. The former includes the genera 
Myxocyprinus, Cycleptus, Ictiobus and Carpiodes. Of the North American 
catostomids, the latter two genera are more closely allied to each other 
than to Cycleptus (Nelson, 1948), also shown by Hubbs (1930). Hubbs 
divided the Catostominae into three tribes: the Erimyzonini including 
Minytrema and Erimyzon, the Moxostomatini, comprising the genera 
Moxostoma and Hypentelium, and the Catostomini which includes the genera 
Catostomus, Chasmistes and Xyrauchen. 
Table 2 
Matrix of Simple Matching Coefficients 
OTU 
A 1.000 
B 0 S00 1.000 
C 0.429 0.643 1.000 
D 0.500 0.714 0.929 1.000 
E 0.429 0.500 0.714 0.643 1.000 
F 0 429 0.357 0.571 0.500 0.857 1.000 
G 0.429 0.500 0.571 0 500 0.571 0.714 1.000 
II 0.429 0.500 0.429 0.357 0.571 0.429 0.571 1.000 
I 0.571 0.357 0.429 0.357 0.571 0.571 0.571 0.B57 1.000 
J 0.429 0.500 0.429 0.357 0.571 0.571 0.571 0.857 0.857 1.000 
K 0.500 0.S71 0.643 0.571 0.643 0.500 0.357 0.786 0.786 0.786 1.000 
t 0.500 0 571 0.500 0.429 0.500 0.500 0.500 0.7B6 0.786 0.929 0 057 1.000 
H 0.429 0.500 0.429 0.357 0.429 0.571 0.571 0.714 0.714 0.857 0.7B6 0.929 1.000 
H 0.643 0.571 0.643 0.571 0.643 0.643 0.500 0.643 0 7B6 0.786 0.857 0.857 0.786 1.000 
O 0.571 0.500 0.571 0 500 0.714 0.714 0.571 0.714 0.857 0.857 0.786 0.786 0.714 0.929 1.000 
P 0.500 0.429 0.500 0.429 0 643 0.7B6 0.643 0.643 0.786 0.786 0.714 0.714 0.786 0.BS7 0.929 1 000 
Q 0.500 0.429 0.500 0.429 0.643 0.643 0.500 0,786 0.929 0.929 0.B57 0.857 0.786 0.857 0.929 0.857 1.000 
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Figure 6. Phenetic clustering of OTUs with the simple matching 
coefficient (S ) based on WPGMA with arithmetic v
 snr 
means. 
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Within Ictiobus, hybridization between I. bubalus and I. niger 
suggests they are closely related (Hubbs and Johnson, 1943). Morpho-
logically, Carpiodes cyprinus is more distinct than C. carpio and C. 
velifer (Blair, 1957). In Erimyzon, Hubbs (1930) recognized E. tenuis 
as the most morphologically distinctive compared to E. sucetta and 
E. oblongus. He also placed Minytrema in the same tribe as Erimyzon. 
Major revisions of Moxostoma in part and Catostomus were undertaken by 
Jenkins (1970) and Smith and Koehn (1971) respectively, and will not be 
detailed here. The relationships of additional genera were outlined by 
Miller (1959). All the above relationships are summarized in the tree in 
Figure 7. 
The phenetic clustering based on the loss of duplicate gene 
expression is in good agreement with traditional phylogenies inferred 
from morphological data, as may be seen by inspecting Figure 7. Cycleptus 
elongatus is the most distinctive catostomid species, and the genera 
Ictiobus and Carpiodes are phenetically similar. Minytrema melanops is 
the most distinctive member of the Erimyzonini. As indicated by Miller 
(1959), the Moxostomatini and Catostomini comprise the most recent 
radiations in the family. The phenogram reveals that the clusters en-
composing these tribes are more closely allied with each other than to 
any other group. Moxostoma erythrurum and M. dequesnei are problematical 
in their placement. These species are usually allied with M. macro-
lepidotum. Moxostoma duquesnei is phenetically similar to the mountain 
suckers (subgenus Pantosteus) of the genus Catostomus (species 28, 29, 
30), but is not considered to be phyletically related to them. Its 
position may reflect a coincidence at the level of duplicate gene 
expression due to the small number of characters. Based on the gene 
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Figure 7. Hypothetical relationships of 30 species of 
Catostomidae compiled from several morphological 
studies. 
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duplication data, Xyrauchen texanus, Chasmistes brevirostris, and 
Catostomus (Deltistes) luxatus are less distinctive from other members 
of the tribe than morphological characteristics indicate. 
With the exception of M. erythrurum and M. duquesnei. the phenogram 
.clusters members of the Moxostomatini together. A number of species 
are unresolved, as m the Catostomini, and this indeterminism is a 
reflection of the relatively small number of characters available. 
Therefore, an increase in the number of characters would be required for 
a detailed comparison below the genus level. 
The strength of the data in Table 1 is that ancestral states are 
relatively unambiguous, and impart strong directionality to the changes in 
character states. Therefore a cladistic analysis is most appropriate 
(Hennlng, 1966). Our objective in the following discussion is to outline 
the cladistics or geneological (Mayr, 1976) relationships of represent-
ative catostomids, without attempting a cladistic classification. 
The Wagner method has been shown to satisfy generalized phylo-
genetic axioms (Farris et al., 1970), and our first analysis was with 
the WAGTREE program which generates a minimum length Wagner Tree with 
membership in a taxon determined by joint possession of apomorphous 
characters. The program makes no assumptions about character state 
reversals. The possibility of rare reversal is not unrealistic in view 
j 
of the low level of tandem duplications and reverse mutations which may 
be occurring. Since none of the characters showed any polymorphisms for 
null alleles, all characters were given equal weight in the input matrix. 
The cladogram is shown in Figure 8 with the hypothetical ancestor 
(exhibiting state 2 for all characters) rooting the tree (Lundberg, 1972). 
The character states of all HTUs (Hypothetical Taxonomic Unit, Sneath and 
8. Wagner tree constructed with the WAGTREE program. 
Length = 35 steps. Lengths are proportional to 
patristic distances. Reversal of a character state 
is indicated by an arrow, and HTUs are marked with 
single capital letters. For comparison, morpho-
logically recognized taxa are shown in capital 
letters. 
Minytrema II 
Hypentelium 12,13 
Moxostoma 14 
Moxostoma 18 
Xyrauchen20 
Catostomus 24 
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Catostomus 28,29, SO 
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Catostomus 22,25,26,27 
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Sokal, 1973) not coinciding with an OTU are given in Table 3. There are 
a number of nonterminal taxa in the tree, which would probably become 
terminal with additional characters (Lundberg, 1972). The length of the 
tree is 35 steps, all but one of which are diploidization events. 
Inspection of the character states of the HTUs reveal that only one 
character state reversal has been allowed, illustrated by an arrow in 
Figure 8. This reversal is in the character Ald-C between HTU E and 
Minytrema melanops, species 11. There appears to be a considerable 
degree of parallelism since the ratio of steps to number of characters 
is 2.5. In other words, a given character diploidizes in independent 
lines on the average of 2.5 times in the tree. 
In the cladogram of Figure 8 Ictiobus and Carpiodes are related, as 
in the morphological tree of Figure 7. Cycleptus is placed differently 
than in Figure 7, i.e. it is not generally considered as a sister group 
of the Catostominae, although it may in fact be properly placed. It is 
interesting to note that Nelson (1948) stated that "The Catostominae may 
have evolved from cycleptid stock." Furthermore, recent ecological data 
(Eastman, 1977) are consistent with an affinity of Cycleptus with the 
Catostominae. The three genera mentioned above occupy a basal position 
in the tree and thus show considerable plesiomorphy. It is noteworthy 
that morphologically, these genera have also retained the most primitive 
characters (Miller, 1959; Nelson, 1976). 
As in Figure 7, the Erimyzonini branch prior to the Catostomini and 
Moxostomatini, the latter two recognizable as distinct cladons. Within 
the Catostomini, Catostomus commersoni is regarded as possessing many 
primitive traits (Smith and Koehn, 1971) and is situated basally in the 
cladon including the tribe. The three species of the subgenus Pantosteus 
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are the most derived, as noted by these investigators. Interestingly, 
M. duquesnei is allied to Pantosteus as in the WPGMA phenogram, a 
relationship possibly the result of convergence, or a small number of 
characters. Indeed, species of Pantosteus may occupy a niche similar 
to M. duquesnei and other Moxostoma species. The former are found in 
swift streams west of the Mississippi River basin, the latter in swift 
streams east of the river. It is possible that increasing the number of 
characters would place M. duquesnei closer to other members of its tribe. 
In the cladon corresponding to the Moxostomatini, M. cervinum and M. 
congestum are the most primitive, an observation in accordance with 
Jenkins (1970). Jenkins considers Hypentelium to be derived from these 
primitive groups whereas Miller (1959) considers Hypentelium to be an 
early evolutionary offshoot in the tribe. Our results are consistent 
with Jenkin's view, however, we cannot strongly exclude the alternative 
hypothesis because of the analogous situation in the Erimyzonini. Here, 
Minytrema is considered an early offshoot of its tribe, yet is shown to 
be derived from Erimyzon. These and previously mentioned instances of 
discordance with the morphologically derived tree point to a need for 
further studies to elucidate the relationships of these problematical 
groups. 
The HENNIG program was used to construct a second cladogram 
utilizing the Weighted Invariant Step Strategy (WISS, Farris et al., 
1970) which differs from the other procedures in that the assumption of 
irreversibility is strictly enforced. In this method, pairs of OTUs 
are found with the highest number of shared derived steps, and are 
replaced by their most recent joint common ancestor (Sneath and Sokal, 
1973). 
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The WISS tree is shown in Figure 9. Its length is 37 steps, only 
2 steps longer than the Wagner tree. Character states of HTUs are given 
in Table 4. The two trees are structurally quite similar, except for 
the placement of the Erimyzonini, here derived from the Ictiobinae. 
Interestingly, it was within this tribe that a reversal occurred in the 
Wagner program. 
In the WISS tree, species of the Catostomini and Moxostomatini fall 
into distinct cladons, with the already noted exception of the subgenus 
Pantosteus. As in the Wagner tree, morphologically primitive species 
tend to be more basally located in the tree. This concomitant retention 
of primitive characters at both the level of morphology and at the level of 
duplicate gene expression may be associated with regulatory gene 
evolution. Genie diploidization is not directly comparable to simple 
amino acid substitution in structural genes, because the loss of dupli-
cate gene expression probably exerts more profound effects on cellular 
physiology, e.g. in dosage relationships. In addition, this diploidiza-
tion can be the result of genetic lesions in any portion of the genome 
including regulatory genes and structural genes. Changes in the dosage 
of regulatory genes have been shown to dramatically effect gene expression 
(Ohno, 1970). Wilson et al. (1974) and King and Wilson (1975) have 
postulated a relationship between anatomical evolution and changes in 
regulatory genes. Thus, the tendency of greater genie diploidization 
(as revealed in the cladograms) in more morphologically advanced species 
may reflect a more rapid rate of regulatory evolution in these groups. 
Loss of duplicate gene expression is an ongoing process, since a 
number of closely related species have duplication differences between 
them. An electrophoretic survey of 27 loci (including some duplicates) 
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Figure 9. Cladogram constructed by the WISS method. Length =» 37. 
Lengths are proportional to patristic distance. HTUs 
are indicated with single capital letters. Morpho-
logically recognized taxa are shown in capital letters. 
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Table 4 
Character States of HTU'/s in the WISS Tree 
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in E. sucetta and E. tenuis yielded a genetic similarity of I = 0.79 
(our unpublished data; see Nei (1972) for genetic similarity cal-
culation). Because many of the homologies between loci in Erimyzon 
could be determined by electrophoresis, it was possible to determine 
which duplicate loci were silenced in the two instances of recent 
diploidization in E. tenuis. However, the establishment of duplicate 
locus homologies by electrophoretic mobility criteria becomes increasing-
ly difficult with more distantly related species, and may only be 
established for some enzymes. Based on two criteria the duplicate 
glucosephosphate isomerase-A loci, for instance, may be inferred to be 
homologous in the Catostominae. First, the anodal A„ isozyme is generally 
2 
much more active than the less anodal A„ isozyme (in brain tissue). 
Second, as demonstrated in Table 5, the A~ isozymes migrate 65% faster 
2 
than the A„ isozyme, on the average. There is no overlap in their range 
of mobilities among the seven species. Thus, the A„ isozymes are postu-
2 
lated to be in an orthologous relation to one another, as are the A„ 
isozymes. It is difficult to be certain of these homologies when com-
paring species belonging to another subfamily, e.g. Carpiodes cyprinus. 
1 2 
Here, the anodal A„ isozyme is weakly expressed compared to the A« 
2 
isozyme, and the latter has a faster mobility than A„ isozymes in the 
Catostominae. Within the Catostominae, the intensely staining single 
bands for Gpi-A in the two species of Erimyzon are probably encoded by 
loci which are orthologous to the A locus in other genera (see Table 5). 
The mobilities of these bands fall within the range of those of the other 
1 2 
A„ isozymes, and we conclude that the A locus has diploidized in these 
Erimyzon species. The above analysis does not appear to be applicable to 
the duplicate and single creatine kinase-A loci, as seen in the two 
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Table 5 
Determination of Homologies Between Duplicate and Single Gpi-A Loci 
Using Electrophoretic Mobilities. An orthologous relationship among 
the anodal A ! isozymes in the Catostominae is suggested by their 
greater activity compared to the As isozymes, and their lack of 
overlap in mobilities compared with the A« isozymes. See text for 
further discussion. 
Species 
CATOSTOMINAE 
Minytrema melanops* 
Moxostoma cervinum 
Moxostoma macrolepidotum 
Moxostoma duquesnei 
Hypentelium nigricans 
Catostomus luxatus 
Catostomus occidentalis 
Erimyzon sucetta 
Erimyzon oblongus 
mean 
s.d. 
Mobility (mm) 
Ai Isozyme 
155 
151 
151 
155 
155 
146 
140 
= 150.4 
• 5.7 
140 
150 
Mobility (mm) 
A? Isozyme 
mean 
s.d. 
i 
105 
80 
115 
94 
74 
67 
105 
» 91.4 
= 18.1 
ICTIOBINAE 
Carpiodes cyprinus 150 120 
Mobilities are relative to this reference species. 
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species at left in the zymograms of Figure 1. The duplicate isozymes 
in each species are equally expressed, and the mobility of the A„ 
2 
isozyme of C. elongatus overlaps with the mobility of the A„ isozyme of 
I. cyprinellus. In future analyses, it will be helpful to establish the 
orthologous and paralogous relationships among duplicate and diploidized 
loci. This will permit the identification of species in which an A 
2 
locus has diploidized in one, and an A locus in the other. In our 
analysis, these losses could be assumed to be the consequence of a single 
loss event in a common ancestor. Thus, homoplasy (parallelism and con-
vergence) could be reduced in the data. 
Because the morphological tree is a composite of many studies, it 
cannot be directly compared with the tree here except in a more 
general manner. For example, one may easily locate approximate points 
of diploidization along the tree. We assume irreversibility in evolution 
and diploidizations are assigned to nodes so that a minimum of steps is 
required (Camin and Sokal, 1965). This procedure yields 48 steps. The 
number of steps could be reduced to 42 if C. commersoni is miscoded for 
G3pdh and Moxostoma rhothoecum is morphologically closer to Hypentelium 
(whose status is uncertain). It is thus possible to assess the degree 
of parsimony achieved by the cladistic procedures, which yield trees of 
36 steps on the average. 
The Wagner tree, phenogram, and morphological tree show considerable 
congruence (see Mickevich and Johnson, 1976) at taxonomic levels above 
the genus. The WISS tree is more discordant, but not strongly so, as 
only one tribe was placed differently. The WISS analysis is valuable in 
reinforcing our assumption that reversals of character states are not 
commonplace. The most appropriate analysis of the data, because it 
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allows for reversals is the Wagner method. This procedure is also 
favored over the phenetic one in that it allows for different evolution-
ary rates in different lineages. A comparison of the Wagner tree and 
the phenogram reveals that the two trees are quite similar. With the 
same initial data, the former yields patristic distances, the latter 
phenetic distances. A measure of the amount of homoplasy in the 
diploidization process may be obtained by subtracting the phenetic 
distance (internodes between OTUs in the Wagner tree) (Farris, 1967). 
This has been defined as the homoplasy statistic (Farris, 1972). Table 6 
shows the values for all possible OTU comparisons. The average value of 
the above homoplasy statistic is 2.94. From the table, the within tribe 
and within subfamily (Ictiobinae) comparisons average considerably less 
than the average. The Ictiobinae average 0.0, the Erimyzonini 0.67, 
Moxostomatini 1.6, and Catostomini 0.0. Therefore the phenetics and 
patristics are very close for closely related genera. The degree of 
parallelism and covergence increases the farther apart the genera are 
(e.g. Carpiodes and Catostomus comparisons average 5.0). This degree of 
homoplasy could be reduced in future studies by selecting enzymes which 
are less prone to diploidization in many independent taxa. 
F. Summary 
We have shown how a distinctive property of polyploids, the loss of 
duplicate gene expression over time, allows phylogenetic inferences to 
be drawn from multilocus isozyme data. Once the "loss" of duplicate gene 
expression has begun, soon after polyploidization, primitive and derived 
character states are clearly defined, though not immune to errors in 
coding. Even with a relatively small number of characters, cladistic 
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Table 6 
Matrix of Values of the Homoplasy Statistic* 
OTU 
A 
B 
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D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 
B C 
0 0 
0 
D 
0 
0 
0 
E 
0 
4 
9 
6 
F 
2 
4 
8 
6 
2 
G 
4 
8 
10 
8 
0 
0 
H 
2 
6 
6 
4 
2 
2 
6 
I 
4 
4 
6 
4 
2 
4 
6 
6 
J 
2 
6 
6 
4 
2 
4 
6 
2 
6 
K 
0 
4 
6 
4 
0 
0 
0 
0 
2 
0 
L 
2 
6 
6 
4 
0 
2 
4 
0 
4 
0 
0 
M 
2 
6 
6 
4 
0 
4 
6 
0 
4 
0 
0 
0 
N 
2 
4 
6 
4 
0 
2 
2 
0 
0 
2 
0 
2 
2 
0 
2 
4 
6 
4 
2 
4 
4 
2 
0 
4 
0 
2 
2 
0 
P 
2 
4 
6 
4 
2 
6 
6 
2 
0 
4 
0 
2 
4 
0 
0 
Q 
2 
4 
6 
4 
2 
4 
4 
4 
1 
6 
2 
4 
4 
0 
0 
0 
Difference between patristic distance (Wagner tree) and phenetic 
distance. 
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and phenetic trees may be constructed which are similar to each other 
and to those based on morphology. The Wagner method is shown to be a 
particularly appropriate method of analysis for handling gene 
duplication data. Comparison of patristic and phenetic distances has 
revealed little homoplasy for species in closely related genera, but 
increasing homoplasy for comparisons between more divergent taxa. With 
increasing employment of isozyme technology, and the concommitant in-
crease in the number of characters it should be possible to analyze many 
other polyploid taxa with this cladistic approach. 
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Appendix 
Species, locality data, and sample size for species employed in this 
study. 
fCycleptus elongatus. MISSISSIPPI DRAINAGE: Miss. R., Adams Co., 111. 
(8 specimens) 
C. elongatus. MISSISSIPPI DRAINAGE: Miss. R., Hancock Co., 111. (7) 
tictiobus bubalus. MISSISSIPPI DRAINAGE: Miss. R., Adams Co., 111. (11) 
I. bubalus. MISSISSIPPI DRAINAGE: Miss. R., Hancock Co., 111. (20) 
I. bubalus. MISSISSIPPI DRAINAGE: Platte R., Douglas Co., Neb. (4) 
I. niger. MISSISSIPPI DRAINAGE: Miss. R., Hancock Co., 111. (5) 
!• cyprinellus. MISSISSIPPI DRAINAGE: Miss. R. Hancock Co., 111. (25) 
Carpiodes carpio. MISSISSIPPI DRAINAGE: Miss. R., Adams Co., 111. (12) 
C. carpio. MISSISSIPPI DRAINAGE: Miss. R., Hancock Co., 111. (13) 
tC. cyprinus. MISSISSIPPI DRAINAGE: Miss. R., Adams Co., 111. (15) 
C. cyprinus. WABASH DRAINAGE: Middle Fork Vermilion R., Vermilion 
Co., 111. (10) 
tC. velifer. WABASH DRAINAGE: Middle Fork Vermilion R., Vermilion Co., 
111. (20) 
tMinytrema melanops. WABASH DRAINAGE: Embarrass R., Champaign Co., 
111. (20) 
M. melanops. HURON R. DRAINAGE: Huron R,, Washtenaw Co., Mich. (5) 
tErimyzon sucetta. WABASH DRAINAGE: Fairmont Lake, Vermilion Co., 
111. (17) 
E. sucetta. YELLOW R. DRAINAGE: Nichols Creek, Santa Rosa Co., Fla. (5) 
*E. tenuis. YELLOW R. DRAINAGE: Nichols Creek, Santa Rosa Co., Fla. (8) 
tE. tenuis. PERDTDO R. DRAINAGE: Perdido R., Baldwin Co., Ala. (7) 
E. oblongus. WABASH DRAINAGE: Embarrass R., Champaign Co., 111. (25) 
tMoxostoma erythrurum. WABASH DRAINAGE: Middle Fork Vermilion R., 
Vermilion Co., 111. (35) 
101 
M. macrolepidotum. MISSISSIPPI DRAINAGE: Miss. R., Adams Co., 111. (13) 
M. macrolepidotum. ILLINOIS R. DRAINAGE: Illinois R., Mason Co., 111. 
(7) 
M. macrolepidotum. WABASH DRAINAGE: Middle Fork Vermilion R., Vermilion 
Co., 111. (15) 
tM. duquesnei. WABASH DRAINAGE: Middle Fork Vermilion R., Vermilion 
Co., 111. (30) 
M. cervinum. ROANOKE DRAINAGE: Roanoke R., Roanoke Co., Va. (35) 
M. rhothoecum. ROANOKE DRAINAGE: Tributary Roanoke R., Montgomery 
Co., Va. (12) 
*M. congestum. GUADALUPE R. DRAINAGE: Kendall Co., Tex. (12) 
tHypentelium nigricans. WABASH DRAINAGE: Stony Creek, Vermilion Co., 
111. (24) 
H. nigricans. TENNESSEE DRAINAGE: Indian Creek, Claiborn Co., Tenn. (6) 
H. etowanum. CHATTAHOOCHEE DRAINAGE: Cane Creek, Lumpkin Co., Ga. (10) 
Catostomus commersoni. MISSISSIPPI DRAINAGE: KaskasiaR., Champaign 
Co., 111. (5) 
tC. commersoni. WABASH DRAINAGE: Embarrass R., Champaign Co., 111. (30) 
tC catostomus. ST. LAWRENCE DRAINAGE: Lake Michigan, Berrien Co., 
Mich. (12) 
C. catostomus. SOUTH PLATTE R. DRAINAGE: Spring Creek Adams Co., 
Co. (5) 
C. occidentalis. SACRAMENTO R. DRAINAGE: Tributary Sacramento R., 
San Joaquin Co., Cal. (11) 
C. macrocheilus. SNAKE R. DRAINAGE: Tributary Snake R., Ida. (5) 
C. columbianus. SNAKE R. DRAINAGE: Tributary Snake R., Ida. (14) 
C. luxatus. KLAMATH R. DRAINAGE: Sprague River, Klamath Co., Ore. (2) 
C. plebeius. RIO FLORJDO DRAINAGE: Rio Florido, Zacatecas, Mexico (6) 
C. plebeius. RIO SAIN ALTO DRAINAGE: Rio Sain Alto, Zacatecas, 
Mexico (19) 
*C. platryrhyncus. YAMPA R. DRAINAGE: Yampa R., Moffat Co., Co. (9) 
t*C. discobolus. YAMPA R. DRAINAGE: Yampa R., Moffat Co., Co. (12) 
tChasmistes brevirostris. KLAMATH R. DRAINAGE: Sprague R., Klamath 
Co., Ore. (1) 
tXyrauchen texanus. WILLOW BEACH NATIONAL FISH HATCHERY, Boulder City, 
Nev. (11) 
Species examined in addition to those in Ferris and Whitt (1977a). 
Species for which the following additional tissues were examined: 
muscle, heart, eye, brain, stomach, gill, liver, spleen, gonad, 
and kidney. 
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CHAPTER IV 
THE ROLES OF SPECIATION AND TIME IN THE LOSS OF 
DUPLICATE GENE EXPRESSION 
The analysis of the phylogenetic patterns of loss of duplicate gene 
expression in Chapter III with the Wagner and WISS methods revealed that 
different rates of loss of duplicate gene expression were occurring in 
different lineages. Primitive species were losing duplicate genes at a 
slower rate than advanced species. In addition to the greater loss of 
duplicate gene expression in the advanced species, there has also been a 
greater number of speciation events in the advanced lineages compared 
to the primitive ones. The amount of genetic change which takes place 
during speciation is currently a matter of debate (Mayr, 1976: Carson, 
1975; Stanley, 1975; Gould and Eldredge, 1977; Avise, 1977a), yet few 
would deny that some genetic change occurs. We advance the hypothesis 
that a greater number of speciation events in advanced catostomid lineages 
has provided a greater opportunity for genetic change at the level of 
fixation of null alleles at duplicate loci, or genie diploidization. 
We do not know the driving forces for fixation of null alleles. 
One conceivable mechanism is that nulls already present in incipient 
species become fixed more rapidly (perhaps by drift) due to bottlenecks 
in population size which often accompany speciation events (Soule, 1976). 
Another important factor in speciation is the role of regulatory 
gene changes and rearrangements, recently reported by Wilson et al. 
(1974). We suggest the possibility that some inactivation of duplicate 
genes may be brought about by changes in regulatory genes associated with 
structural genes, and if this is true, these regulatory changes may be 
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occurring more rapidly (or exerting a greater effort on the phenotype) 
that changes at the structural genes and thus may be contributing to the 
greater rate of loss of duplicate gene expression in lineages with more 
speciation. 
There is some evidence that the approximately clocklike changes at 
the structural genes is independent of speciation events (Wilson et al., 
1977). In order to determine whether the genie diploidization in the 
catostomids is linear or nonlinear with respect to time, we sought the 
expertise of a statistician, Dr. Stephen L. Portnoy of the Department 
of Mathematics at the University of Illinois, Urbana. He constructed 
three probabilistic models, one in which genie diploidization is a 
stochastic process depending only on the length of divergence time, one 
where loss of gene expression depends only on the number of speciation 
events, and a third one being a combination of the two previous factors. 
Surprisingly, the combination model fit the data the best, and we 
conclude that genie diploidization is a multicomponent process. More 
evolutionary processes are undoubtedly going to be found to be multi-
factorial as more sophisticated statistical analyses are performed on 
data sets which were used to test alternative hypotheses having only one 
component. 
Chapter III represents part of a manuscript submitted to Theoretical 
Population Biology, and is entitled "The Roles of Speciation and Divergence 
Time in the Loss of Duplicate Gene Expression." Because the modeling 
and statistical analyses were largely the work of Dr. Portnoy, who is a 
co-author of the manuscript, these sections (C and D) of the manuscript 
are given here in summary form. The reader is referred to the original 
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publication for a detailed presentation of the statistical analyses. 
A. Introduction 
Mayr (1963) has proposed that speciation is accompanied by a 
"genetic revolution" during the branching process. The extent to which 
this genetic revolution occurs has been investigated at several levels 
of biological organization: morphology, molecular structure, and gene 
regulation. Change has been demonstrated to occur at all these levels 
during the speciation process. Some of the issues that have not yet 
been adequately resolved are the relative contributions of the forces 
responsible for the change and whether or not these forces are operative 
primarily during the speciation process, or over a much longer period 
following the speciation event. 
At the level of gross morphology Stanley (1975) and Gould and 
Eldredge (1977) argue that most morphological changes occur during 
speciation events (rectangular evolution). This view, however, has been 
challenged by others (e.g. Harper, 1975). Patterns of morphological 
evolution are sometimes difficult to interpret because morphological 
traits are often under the control of many genes which can interact 
epistatically. Additional complexity arises because organismal morpho-
logy is able to be determined by inputs from genes encoding the proteins 
making up the structure as well as from genes regulating temporal and 
spatial ordering of this morphology during development. 
Another facet of organismal change is regulatory gene evolution. 
King and Wilson (1975) have proposed that changes of a regulatory nature 
may account for many morphological changes as well as quantitative changes 
in the levels of gene expression at the biochemical level. These 
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morphological changes appear to have taken place without a concomitant 
degree of change in the structure of a number of classes of proteins. 
Recent studies at genetic and molecular levels have generated 
conflicting conclusions about the generality of the "genetic revolution" 
concept. Studies of chromosomal organization by Carson (1975) and the 
amount of genetic differentiation in the formation of species (Ayala 
et al., 1974; Avise and Smith, 1977) suggest that considerable change can 
occur during the speciation process. However, comparative electro-
phoretic analyses have led Avise and Ayala (1976) to conclude that 
proteins accumulate amino acid substitutions as a function of time 
(phyletic gradualism) rather than the number of speciation events. Con-
siderable evidence has been presented that proteins evolve at a fairly 
uniform rate in time (Wilson et al., 1977), however, there are other 
data which suggest that some proteins may change in a nonuniform fashion 
with time (Goodman et al., 1975; Tashian et al., 1975). It may be that 
different strategies of change are employed by different organisms, and 
indeed Avise (1977a) has stated that "phyletic gradualism and rectangular 
evolution represent extreme hypotheses with a large range of intermediate 
likelihoods." 
In the present analysis, we provide evidence that a different aspect 
of genetic change, loss of duplicate gene expression following poly-
ploidization, has two components, one depending on time, the other on 
the number of speciation events. The investigation of genetic change at 
this level is advantageous in that the phenotypes involved are encoded 
in a well defined number of loci whose homologies are known, and whose 
expressions are easy to detect. 
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There are two likely fates for duplicate genes encoding paralogous 
isozymes. They can diverge in their structure and regulation so that 
they eventually encode different isozymes or enzymes which occupy 
different metabolic niches and which, as a consequence, are differentially 
regulated in their temporal and spatial expressions. The other possible 
outcome is the eventual loss of one of the duplicate gene expressions, 
presumably permitted because duplicate gene function is not essential to 
cellular metabolism. It is the pattern of the loss of duplicate gene 
expression that we have investigated in the present study. 
The silencing of a duplicate gene expression has been discussed by 
Ohno (1970) and investigated in a number of teleost fishes (Allendorf 
et al., 1975; Engel et al., 1975; Ferris and Whitt, 1977a). The first 
step in the loss of duplicate gene function usually begins with the 
appearance of a null allele at one of the duplicate loci. The null 
phenotype may arise as the result of mutation in the structural gene 
(O'Brien and Maclntyre, 1972), or arise through lesions in a regulatory 
gene controlling the expression of the duplicate structural gene (Paigen, 
1971; Schwartz and Sofer, 1976; Lim and Bailey, 1977). Regardless of 
the site of the mutation forming the null phenotype, the fixation of a 
null allele and the loss of the duplicate gene expression may have con-
sequences for cell physiology and regulation of gene function (Ohno, 
1970, 1974). In any event, the silencing of redundant duplicate 
homologous genes is an important component of the evolutionary process 
following genome amplification. 
One of the most useful groups of organisms which can be used to 
study the evolution of duplicate gene expression is a cluster of species 
in which a single, common polyploidization event has occurred. The 
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polyploidization event should have occurred at a sufficiently distant 
time that the duplicate loci have diverged to the point that their 
isozymes are electrophoretically resolvable; and thus the one or two 
locus status of an enzyme can be assignediwith a high degree of con-
fidence. The tetraploid catostomid fishes are particularly useful for 
an investigation of the evolution of duplicate gene expression and 
diploidization because this collection of species had a common tetra-
ploid origin over 50 million years ago (Uyeno and Smith, 1972). Unlike 
tetraploid salmonid fishes, which may be of autotetraploid origin (Ohno, 
1974) the catostomid fishes are quite possibly of allotetraploid origin. 
Species hybridization is very frequent in the order Cypriniformes (Hubbs, 
1955), of which the Catostomidae are a member. Furthermore, allopoly-
ploidy has been postulated for a tetraploid cyprinid, the common carp 
(Bender and Ohno, 1968). The means by which polyploidy is accomplished 
has implications for the rate of divergence of duplicate genes. Unlike 
autotetraploidy, allotetraploidy probably initially results in mostly 
disomic inheritance of duplicate loci. Even if there is some residual 
pairing of homologous chromosomes to give tetrasomic inheritance, it is 
thought that the transition to disomy occurs relatively rapidly in 
animals (Schwantes et al., 1977). Therefore in the catostomids, dupli-
cate loci have probably been diverging for most of their 50 million year 
history. This view is consistent with the observation that all the loci 
which were able to be studied in the catostomids appear to be disomically 
inherited. In addition we do not detect the frequent coincidence of 
protein bands encoded by duplicate loci, a phenomenon more commonly 
observed in the tetraploid salmonids (Allendorf et al., 1975). In the 
case of the catostomids we have several lines of evidence that most 
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single bands seen on a gel are encoded by one locus (the other duplicate 
having become nonfunctional) rather than two loci. We have observed the 
expected numbers of the allelic isozymes, the expected number of different 
phenotypes and the expected relative intensities of the isozyme bands 
during genetic variation at a postulated single locus. Furthermore, a 
comparison of the electrophoretic mobilities of a single enzyme among 
several species revealed frequent fixed differences among species, and 
it is unlikely that duplicate genes would encode proteins with identical 
mobilities independently in each of these lineages. Lastly, information 
from average rates of protein evolution further support the conclusion 
that most isozymes encoded in duplicate genes will be electrophoretically 
distinguishable after 50 million years (Nei and Chakraborty, 1973). A 
detailed rationale for the detection and interpretation of the 1 and 2 
locus state is provided by Ferris and Whitt (1978) and Chapter III of 
this thesis. 
We investigated duplicate gene expression at 20 loci which had been 
established from diploid studies in each of 30 species of Catostomidae 
(Ferris and Whitt, 1977a, 1978 and Chapter III of this thesis). Approxi-
mately half the duplicate genes were found to have been silenced by 
mutation in the average species. 
An analysis of the extent of gene silencing in the catostomids 
revealed that morphologically advanced species have lost the expression 
of more duplicate genes than morphologically primitive species (Ferris 
and Whitt, 1978 and Chapter III of this thesis). Inspection of the 
phylogenetic tree in Figure 1 reveals that there are many more speciation 
events leading to the advanced species than to the primitive species. 
In particular, if y. is the number of genes remaining doubly expressed 
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Figure 1. Composite evolutionary tree of the Catostomidae based 
primarily on morphological data. Some biochemical data 
(Nei genetic distance) was used in order to estimate 
divergence times for some of the species pairs, and the 
relationships of 3 species in Erimyzon. The loss of 
duplicate gene expression was not used to construct this 
tree. See text for details of the construction of the tree. 
Numbers on vertical branches represent coded time spans 
(see Table 3 for equivalent times in millions of years) and 
circled numbers on horizontal branches represent times after 
which gene loci become dysfunctional in that lineage. The 
actual loci involved in specific genie diploidization events 
are indicated in Table 2. Filled circles represent speciation 
events, and those filled circles for which there is no 
branching are extant or extinct species of catostomids which 
were not examined in the analysis. Numbers across the top 
of 
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5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
the tree are the species 
Cycleptus elongatus 
Ictiobus bubalus 
I. niger 
I. cyprinellus 
Carpiodes cyprinus 
C. velifer 
C. carpio 
Erimyzon sucetta 
E. tenuis 
E. oblongus 
Minytrema melanops 
Hypentelium nigricans 
H. etowanum 
Moxostoma rhothoecum 
M. cervinum 
examined. These are: 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
M. congestum 
M. duquesnei 
M. macrolepidotum 
M. erythrurum 
Catostomus macrocheilus 
C. commersoni 
C. occidentalis 
C. catostomus 
C. columbianus 
C. plebeius 
C. platyrhincus 
C. discobolus 
C. luxatus 
Chamistes brevirostris 
Xyrauchen texanus 
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in the i species and x. is the number of known speciation events since 
polyploidization for the i species, then a statistical regression 
analysis of y, on x. shows a significant linear relationship. Un-
fortunately, such an analysis is inappropriate since y. and y are 
highly dependent if i and j represent closely related species. Thus, in 
order to analyze the effect of speciation events on loss of duplicate 
gene expression, we have introduced a simple general probabilistic model 
describing gene silencing. Likelihood analysis is then employed to 
ascertain the statistical support of the data for several special sub-
models, including one in which the rate of loss depends only on 
speciation, one in which the rate of loss depends only on the divergence 
time, and one in which the rate of loss depends on both variables. We 
also perform an appropriate regression analysis, where maximum likelihood 
estimates are used to estimate the covariance between y. and y and thus 
i J 
to provide a legitimate statistical analysis. 
Before elaborating upon the mathematical models, I will outline 
some of the basic biological assumptions underlying the analysis and 
discuss the construction of the phylogenetic tree employed in the 
statistical analyses. 
For the purpose of this study, the absence of a band of enzyme 
activity on starch gels is assumed to be physiologically equivalent to 
the loss of gene function. It is possible that inactive protein (cross 
reacting material) or untranslated message is produced, but defects at 
these levels are assumed to approximately have the same effect as the loss 
of an isozyme through the non-transcription of a gene or the physical 
loss of the gene. 
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A second assumption is that the "null" mutation rates are similar 
in all lineages. The accepted mutation rates may change (perhaps during 
speciation events) but the underlying rate of DNA base changes is con-
sidered to be linear and not to be greatly rate limiting. 
A third assumption concerns the possibility of missing fossils 
(i.e. species which existed in the past but for which fossils have not 
been found). Only a few catostomid fossils are known and they have been 
included in the tree along with all known recent extinctions. Our analysis 
presupposes the evolutionary tree developed in Section B; and thus, 
tacitly assumes that all speciation events are known. The fact (noted 
in Section D) that relatively small changes m the tree do not change 
the statistical conclusions indicates that the presence of a small number 
of missing fossils randomly distributed through the tree would not in-
validate the results. If the missing fossils are not randomly distributed 
it would seem more reasonable on biological grounds to find them con-
centrated more in the species rich lineages. This would tend to give 
even more support to the hypothesis that loss of duplicate gene function 
has a speciation component (that is, the direction of bias introduced by 
this third assumption is most likely to be toward giving more con-
servative estimates of the extent of the speciation associated effect). 
Fourthly, the length of time necessary for speciation itself is 
considered to be negligible compared to the time between successive 
speciations. Speciation may be quite rapid (Turner, 1974; Gould and 
Eldredge, 1977). Although we recognize that the duration of speciation 
may in fact be variable, in different lines and at different geological 
times, the statistical analysis can be greatly simplified by making the 
assumptions of constancy. 
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Fifthly, the fixation of a null allele is assumed to be rapid 
compared to species divergence times. It is unlikely that long periods 
of time, spanning many speciation nodes, are required. The time required 
will undoubtedly depend to some degree on population size, regardless of 
the relative contributions of selection or drift. Most catostomids have 
very large species population sizes, 10 or greater as an estimate. 
Given these large population sizes, a null allele would require millions 
of years to reach fixation (Nei and Roychoudhury, 1973) through drift. 
Furthermore, many null allele polymorphisms would be expected to be 
present in extant species. The fact that we have detected no definitive 
null allele polymorphisms in catostomids suggests that null alleles are 
formed infrequently and that they are fixed relatively rapidly, perhaps 
during population size bottlenecks occurring at speciation events. 
Sixthly, it is assumed that the employment of Nei genetic distances 
to affix some of the divergence times will not lead to serious under- or 
over-estimation of these times due to possible unequal rates of electro-
phoretic divergence of duplicate and single gene products. There is some 
evidence for accelerated evolution in the earlier stages of duplicate 
gene evolution (VandenBerg and Beintema, 1975). However, other evidence 
implies little or no acceleration (Wilson et al., 1977). The 
evolution of apparent selective constraints on genetic variability at 
multiple locus isozymes, which form interlocus hybrid molecules (Harris 
et al., 1977) would even suggest a slowing down of evolutionary change 
for some duplicate genes. Because the issue of the rate of duplicate 
gene evolution vs rate of single gene evolution has not yet been re-
solved, we have compromised making the assumption that duplicate genes 
will evolve at the same rate as single genes. 
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Lastly, it is assumed that the loss of a duplicate gene expression 
is essentially irreversible. At least three lines of evidence indicate 
that reversion, if occurring, must be at a very low level. 
First, a Wagner tree analysis of the initial data produced a tree 
which was very similar to the primarily morphologically derived tree of 
the present study, at superspecific taxonomic levels (Ferris and Whitt, 
1978 and Chapter III of this thesis). The Wagner program generated only 
one reversal in a line leading to a recent species in order to achieve 
maximum parsimony. 
Second, reversion of an inactive gene to an active gene (conceivably 
achieved by mutations at regulatory or structural genes) is estimated to 
be rare in most organisms (Nei and Roychoudhury, 1973). A reversion would 
have to occur shortly after the null mutation occurred. During the period 
the gene of interest is nonfunctional, essentially any and all nucleotide 
substitutions occurring at this gene (including both nonsense and missense 
mutations) would be accepted (Lim and Bailey, 1977). Therefore, the 
longer a silenced gene remains quiescent the less probable becomes the 
simultaneous reversions at many sites in the gene to reactivate its 
expression. 
Third, conceivably a reversion to the "two locus" state following 
functional gene diploidization could be brought about by regional 
duplications. However, the rate of the persistence of tandem duplications 
is apparently low, since numerous isozyme analyses of species of teleosts, 
in our own as well as other laboratories, have revealed that tandem 
duplications have occurred only infrequently. Further evidence for lack 
of tandem duplications in the catostomids is given in Ferris and Whitt 
(1978) and Chapter III of this thesis. 
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B. Construction of the Phylogenetic Tree and the Approximation of 
Divergence Times 
It is important to reconstruct the relationships of the known 
species and fossils. At the present time, no single comprehensive taxo-
nomic revision of the Catostomidae exists, yet a reasonable hypothetical 
phylogeny may be constructed from various sources, primarily morpho-
logical. The most comprehensive study was based on the Weberian apparatus 
(Nelson, 1948) and opercular series (Nelson, 1949). He concluded that 
the family may be divided into 3 subfamilies, the Cycleptinae, Ictiobinae, 
and Catostominae. The monotypic genera Myxocyprinus and Carpiodes were 
placed in the first subfamily. The genera Ictiobus and Carpiodes were 
grouped in the Ictiobinae. Within Ictiobus, hybridization between J.. 
bubalus and I. niger suggests they are more closely related than either 
is to J., cyprinellus (Hubbs and Johnson, 1943). Within Carpiodes, C. 
cyprinus is the most morphologically distinct (Blair, 1957), and is 
shown in the tree (Figure 1) as the most divergent. In the Catostominae, 
the relationships of the species in Erimyzon have been determined 
employing the standard genetic distance of Nei (1972) from electrophoretic 
comparisons of enzyme electrophoretic mobilities (Ferris and Whitt, un-
published data). Major revisions of Moxostoma in part, and Catostomus 
were undertaken by Jenkins (1970) and Smith and Koehn (1971) respectively, 
and will not be detailed here. The relationships of additional genera 
were outlined by Miller (1959). 
Once the tree was constructed, we estimated all species divergence 
times with the best information available. Because these estimates are 
only approximate, seven divergence times were established. These are 1, 
4, 8.5, 15, 20, 31, and 47.5 million years. The 1 MY time includes 
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speciations which are very recent, e.g. several thousand years, up to 
about 1\ MY. Similarly, the other times are inclusive of divergence 
times which occur somewhat over or under the average time. 
From the fossil record, the age of the Catostomidae has been placed 
at 50 million years (Uyeno and Smith, 1972); however, the ancestral 
tetraploid probably appeared earlier than indicated by the fossil record. 
We have estimated the time of this ancestral tetraploidization event to 
be about 60 MY, and have assigned an 8.5 MY interval for the length of 
time until the first cladistic event, the divergence of Cycleptus-
Myxocyprinus. Because of the great geographical separation between 
Cycleptus and Myxocyprinus today (Miller, 1959), we estimate these genera 
diverged from each other shortly after they diverged from the main 
catostomid line. 
There are few fossils to help ascertain the time of origin of 
genera belonging to the Ictiobinae and Catostominae. The divergence 
times for some of these genera have been determined by comparison of the 
electrophoretic mobilities of orthologous enzymes. The divergence times 
inferred from the standard Nei genetic distance do not conflict seriously 
with the apparent amount of morphological change between the taxa. Al-
though morphological change may not be linear, there is considerable 
evidence that amino acid substitutions in many proteins are approximately 
linear (Avise and Ayala, 1976; Wilson et al., 1977). In our genetic 
distance computations we only used those loci for which the homologies 
between species were clearly discernible (see Chapter III for example of 
establishing homology). The results of our computations and those from 
other laboratories are shown in Table 1. Approximate divergence times 
Table 1 
Genetic Distance Between Selected Species of the Catostomidae and Corresponding 
Divergence Times 
# Loci 
Analyzed Species pair(s) 
Identity Distance Divergence 
I Dc Time8(MY) Reference 
34 
36 
36 
27 
M. rhothoecum 
27 
29 
29 
M. 
H. 
H. 
H. 
H. 
E. 
E. 
hamiltoni 
nigricans 
etowanum 
nigricans/H. etowanum 
roanokense 
tenuis 
sucetta 
E. tenuis/E. sucetta 
E. oblongus 
_I. bubalus 
J_. cyprinellus 
J.. bubalus/I. cyprinellus 
C_. cyprinus 
0.807 
0.904 
0.682 
0.787 
0.214 Buth (1977) 
0.705 
0.947 
0.467 
0.101 less^than ^ b 
0.383 
0.239 
0.349 
0.054 
0.761 
12 
Buth 
Ferris & 
Whitt, un-
published 
data 
24 
Table 1 (continued) 
# Loci Identity Distance Divergence 
Analyzed Species pair(s) I Dc Time3 (MY) Reference 
20 -5* nigricans
 Q5QQ Q6Q3 n „ „ 
_C. commersoni 
2 0 H. nipricans/C. commersoni Q < 3 2 4 ^ ^ „ „ 
M. melanops 
Calculated from Sarich (1977). Because of differences in the proportion of rapidly evolving 
proteins, divergence times were taken from the curve with % rapidly evolving proteins for 
Buth's data, and from the curve with all slowly evolving proteins for the unpublished data 
of Ferris and Whitt. 
Personal communication. 
D indicates genetic distance, I indicates genetic identity, D = -ln(I). 
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were calculated from the Nei distances with reference to Sarich's (1977) 
correlation of genetic distance and time. 
As may be seen in Table 1, the divergence time between representatives 
of Ictiobus and Carpiodes is 24 MY. Within Ictiobus, the divergence times 
of J., bubalus and J., cyprinellus place them in the 4 MY category, and we 
estimate 1 MY for J., bubalus and I. niger because they still hybridize in 
their natural environment and are morphologically nearly indistinguishable. 
The species of Carpiodes are also very recent in origin, and we have 
placed the most divergent member, C. cyprinus, in the 4 MY time category 
in relation to the other two species, which probably diverged from each 
other 1 MY ago. 
The divergence times for the three species of Erimyzon were deter-
mined from Nei distances in Table 1, and the relationships of the 3 
species are shown in Figure 1. Minytrema, although related to Erimyzon, 
is morphologically highly divergent from the genus and is given a 
correspondingly long divergence time of 31 MY. 
Because of the large number of species resulting from radiations in 
Moxostoma and Catostomus, space will not permit a detailed accounting of 
divergence times within these species. Most species are of recent 
origin. For example, fossils are known of M. duquesnei and Chasmistes 
spp. dating as recent as the Pleistocene, less than 1 MY ago (Uyeno and 
Miller, 1963). Therefore, most internodes in the tree were assigned 
lengths of 1 MY for species in these genera, although some are undoubtedly 
far less than this estimate. In Catostomus, we generally assigned times 
which were proportional to the tree lengths determined by Smith and Koehn 
(1971) based on morphological and biochemical data. In Moxostoma, 
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genetic distances indicate that most species have divergence times 
ranging from 10,000 years to 4,000,000 years (Buth, 1978). 
Divergence times of species in Hypentelium were determined from 
genetic distances in Table 1. Another genus, Xyrauchen, is morpho-
logically very unique, and is given a divergence time of 8.5 MY from 
the Chasmistes group. 
Lastly, genetic distances from representatives of different genera 
within the Catostominae were calculated in order to estimate the time of 
origin of these genera. For example, Minytrema diverged from the 
ancestor of Hypentelium and Catostomus about 34 MY ago. The latter 
genera diverged from each other about 21 MY ago (see Table 1). 
C. The Basic Probability Model 
The basic assumption is that duplicate gene expressions are lost 
randomly in time according to a Poisson process, where the rate parameter 
can take on different values during a speciation event. It is also 
assumed that each loss is independent of all other such events. In-
spection of the data revealed no obvious cases of associated loss events, 
e.g. the consistent concomitant loss of two related gene functions such 
as Mdh-A and Mdh-B, despite the fact that these two loci are expressed 
simultaneously in some tissues and form interlocus hybrid molecules. 
The evolutionary tree used is given in Figure 1, and the loci whose 
expressions have been lost at specific points in the tree are given in 
Table 2. The random process of loss was conditioned by Dr. Portnoy at 
each of the nodes on the tree such that a probability q. will describe 
the probability of a gene's loss of function at the node. A node is 
described as the j node down the tree from the i extant species. 
Table 2 
Loci for Which Duplicate Gene Expression is Lost at or 
Above Indicated Point in Figure la 
1. Gpi-B 10. G3pdh 19. Acp, Ck-A 
2. G3pdh, Ak-A 11. S-aat, Ldh-B 20. Ck-A 
3. G3pdh 12. Ldh-B, Ak-A, S-aat 21. Ck-A 
4. G3pdh 13. Gpi-B 22. M-mdh, Acp 
5 . S -aa t 14 . Ald-C, Mdh-B 2 3 . Mdh-B, Ldh-B 
6. 6Pgd 15. S-aat, Ak-A 24. Mdh-A 
7. S-aat 16. S-aat, Ak-A, Ldh-B, 25. Ldh-A 
6Pgd 
8. Ldh-B 26. Ald-C, 6Pgd, 
17. Ald-C, Gpi-A S-aat 
9. S-aat, 6Pgd 
18. Mdh-A, G3pdh 27. Ldh-C, Adh, 
not lost: Ck-B, Sod Pgm, Xdh 
For full enzyme name, see Ferris and Whitt (1977b). 
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With each q. . is associated a divergence time which is given in 
Section B and also in Table 3. This divergence time is designated by 
probability p.. 
The data may then be tested against three models. The first model 
is that loss of duplicate gene expression occurs uniformly in time (with 
some variation in actuality). Thus we have: 
Model I. p. = 1 - exp(-Xt.) where p. is the probability a 
given gene is dysfunctional in time t., and X is 
an unknown rate parameter, 
A second model specified that gene loss depends only on speciation 
events, and therefore p are all equal: 
Model II. p. = c, i = 1,2,...,7, and c is an unknown constant. 
A third model combines the factors of time and speciation events. 
This leads to: 
Model III. p. = c + 1 - exp(-Xt.). 
The three models are then analyzed statistically in the next 
section. 
D. Statistical Analysis 
The observed data are given in Table 1 of Chapter III of this thesis. 
For each species, the number of genes whose expression is lost is 
Z = ly. , where y., is the number of genes lost at node i,j. Assuming 
no (or low) reversions, a probability of loss may be constructed for each 
node. These will then be tested against the observed losses. One example 
will be given to illustrate the calculation of this probability. A gene 
lost at point 23 in Figure 1 will be considered. The loss may occur at 
node (4,2), or it does not occur at (4,2) but does at both (4,1) and (3,2), 
Table 3 
Likelihood and Models 
9 N i 2 ? M(k) 
L ( P 1 , . . . , P Q ) = n ( i - p , ) n ( 9 ( k ) ) w w 
* i=l x k=l 
i : 1 2 3 4 5 6 7 8 9 
N±: 314 173 84 42 24 7 13 52 31 
t±: 1 4 8.5 15 20 31 47.5 4 8.5 
M(k) 9(k) (p* = p 8 , p* = p9) 
1 1
 P l + ( l - p L ) p 2 P l [ l + ( 1 - P l ) ( l - ( 1 - P l ) 3 ) ] 
2 2 p2 + ( l -p 2 )P 1 (2-p 1 ) 
3 1 P X ^ - P - L ) + ( 1 - P 1 ) 2 P 2 [ P 1 ( 2 - P 1 ) + ( 1 - P l ) 2 p 2 c ] 
2 
where c « p 1 (2-p 1 ) + ( l -p x ) P 26(l) 
4 
5 
6 
7 
8 
9 
1 
1 
1 
1 
1 
2 
p2 + ( l -p 2 )P 3 P(2)(2-p(2)) 
P 3 + ( I - P 3 ) [ P 3 + ( I - P 3 ) ( P 1 + ( i -P 1 )p 2 )e (2 )9(3) ] 
x CP2 + ( l -P 2 )P 3 e(4) ] 
i - ( i -Px) 4 
p2 
? 1 + (1- P l )9(6)9(7) 
?2 
10 1 Px(2-P l ) + ( 1 - P l ) 2 [ p 2 + (1-P2)0(8)9(9)] 
11 2 P, + (1-P»)P1(2-P1) 
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Table 3 (continued) 
* * 
M(k) 9(k) (p2 = p8, p3 = p9) 
12 
19 2 
27 
i - (i-Pl)3{i - [p2 + (i-p2)(Px + (I-P 1)P 1 2] 
x [PX + (1-P 1)P 2]} 
13 1 P4 + (l-p4)9(10){Pl + (l-Pl)9(H) 
X CPX + d-P1)P3e(12)]} 
14 2 pQ + (l-pQ)9(5)9(13) 
15 2 p3 
16 4 p6 
17 2 p4 + (1-P4)P4(P2 + (1-P2)P32) 
18 2 p8 + (1-Pg)9(16)9(17) 
P8 + (1-Pg)9(14)9(18) 
20 1 px 
21 1 P2 
22 2 p5 + (l-p5)p2(p2 + (l-p2)pL2) 
23 2 9(22) 
24 1 p4 + (l-p4) 9(22) 9(23) 
25 1 p9 + (l-P9)[Pg + d-P8)9(19)9(24)] 
26 3 p8 + (l-Pg)P7 
4 PQ + (l-p9)9(25)0(26) 
Model I: p± • 1 - exp(-Xti) Model III: p£ = c + 1 - exp(-Xti) 
Model II: P± = p2 = •.. = P9 = c Model IV: p± = c + 1 - exp(-Xtib) 
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or it does not occur at both (4,2) and (3,2) and it occurs at (4,1), 
(3,1), and (2,1). Thus the probability associated with this node is 
9(23) • p5 + (1-P 5)P 2P 2 + (1-P 5)(1-P 2)P 2P 1P 1. The remaining prob-
abilities are shown in Table 3. 
Because of the dependency of the variables in Table 3 the methods 
of Crowder (1976) were used to show that assumptions required by chi-
square approximations hold with maximum likelihood tests. The results 
of the likelihood and chi-square tests are shown in Table 4. It is seen 
that Model I fits the data poorly (p = 0.047) and Model II is strongly 
rejected (p = 0.001). The third model was not rejected (p = 0.44). 
A slightly different evolutionary tree given to Dr. Portnoy was 
tested by the same methods. The results, given in Table 4 under "earlier 
assumption" gave the same result, that Model III fits the data the best. 
The fact that Model III fits both trees indicates the robustness of the 
analysis, and suggests that slight errors in the construction of the 
phylogenetic tree will not substantively alter our results and conclusions. 
An alternate statistical analysis on the same data employed a 
modified regression analysis. Again, as seen in Table 4, Model III was 
not rejected, while Models I and II were rejected at the 0.05 level of 
significance. 
E. Discussion 
The most important conclusion that can be drawn from the results of 
the statistical analyses is that the process of loss of duplicate gene 
expression following tetraploidization involves two components, one 
component which is associated with the number of speciation events, and 
another which is independent of such events and specified that the rate 
Table 5 
Summary of Statistical Analyses 
Test statistics listed are Chi-square (d.f., sign, prob.) 
general 
* * 
P2=P2* P3*P3 
Model IV 
Model III 
Model II 
Test vs general 
Test vs Model III 
Model I 
Test vs general 
Test vs Model III 
param ests 
From Model III 
simultaneous 
conf. int. 
Likelihood 
Final Assumption 
max log L 
-149.69 
-151.53 
-153.14 
-153.14 
-162.61 
-157.56 
c •= .024 
X * .0069 
tests 
3.68 (2, 
6.90 (6, 
6.90 (7, 
25.84*(8, 
I8.95*(l, 
15.74*(8, 
8.84*(1, 
+ .022 
+ .0045 
.16) 
.34) 
.44) 
.0011) 
.00001) 
.047) 
.0029) 
Earlier 
max log L 
-151.87 
-153.67 
-155.53 
-155.55 
-164.60 
-160.58 
Assumption 
tests 
3.61 (2,.16) 
7.33 (7,.40) 
7.37 (8,.50) 
25.47*(9,.0025) 
18.10*(1,.00002) 
17.43*(9,.040) 
10.06*(1,.0015) 
c = .027 
X «= .0065 
Regression 
Final Assumption 
tests vs "p=p " 
— 
~ 
6.10 (4..19) 
7.06 (5,.22) 
17.90*(6,.0065) 
10.84*(1,.0010) 
1J.27*(6,.039) 
6.21*(l,.0l3) 
c = .034 
X = .0071 
Earlier Assumption 
tests vs "p=p " 
— 
— 
5.44 (5,.36) 
6.25 (6,.40) 
17.00*(7,.017) 
11.75*(1,.0006) 
12.48(7,.085) 
6.23*(1,.013) 
c = .034 
X = .0069 
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of loss is linear in time. As described in Section D, this conclusion 
is based on the following results from the analysis of a probabilistic 
model for the process of duplicate gene loss: when compared to the two-
parameter model both the speciation only model and the time only model 
can be rejected at a level less than 5%. The two-parameter model with the 
rate of loss based both on time and speciation cannot be rejected. 
It is true that the model with rate of loss depending only on the 
number of speciation events can be rejected at a much more extreme 
significance level than the model with the rate depending only on time. 
This should not be taken as evidence that the mechanisms underlying the 
component of the rate (in the two-parameter model) which is linear in 
time is more important or more biologically significant than the component 
associated with speciation. As noted earlier, the one-parameter model 
depending only on the number of speciation events is unrealistic parti-
cularly in view of the proposed biological mechanisms (which may be 
associated with speciation) discussed below. The extreme level of 
significance may be a result of our inability to find a more realistic 
one-parameter model (associated only with speciation) which could be 
tested using these data; and may not be a result of the possibly greater 
importance of the mechanism for which the rate of loss is linear in time. 
Statistical evidence also suggests that the rate of loss of 
duplicate gene expression may be assumed to be the same in the more 
recent past as It was in the period over 30 million years ago. This 
result follows from the fact that we could not statistically reject the 
hypothesis that those probability parameters common to both periods were 
equal. However, the significance level (16%) of the test statistic for 
this hypothesis may indicate that there is in fact a small change in the 
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rate of loss over time. The probability parameter estimates indicate 
that if there has been a change, the rate was larger in the distant past 
(the probability estimates being two to three times larger). Although 
the difference is not statistically significant at the 5% level, it may 
be of interest to suggest possible biological mechanisms which could 
underlie such a difference. One possibility is the observation that as 
duplicate gene products diverge and become differentially expressed (as 
has been experimentally observed) the likelihood of the fixation of a 
null allele at either locus could decrease. 
In any event, as noted in Section D, the possible change in the rate 
of loss of duplicate gene expression does not affect the conclusion that 
the rate has two components: one associated with speciation and one 
depending on time. The remaining discussion will first provide a 
rationale for the component associated with speciation and then relate 
the rate of loss to rates of change at other levels of biological 
organization. 
Earlier studies demonstrate a greater loss of duplicate gene 
expression in morphologically advanced catostomids than in those with 
more primitive morphologies. The advanced group was also distinguishable 
from the primitive group by the greater number of speciation events which 
have occurred. At the levels of subfamilies, there are a total of 6 
speciation events unique to the primitive subfamilies (Cycleptinae, 
Ictiobinae), and 41 speciation events in the advanced subfamily 
(Catostominae). There may have been a greater opportunity for genetic 
reorganization during the evolution of the advanced species. One explanation 
which can be brought forth is that these reorganizations of the genome 
during speciation have increased the rate of loss of duplicate genes over 
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and above that constant rate of loss which proceeds approximately clock-
like. A currently held view, summarized by Mayr (1976), is that 
speciation events in vertebrates commonly involve a small splinter group 
forming a species from a larger "parental species" population. During 
this reduction in population size, genetic changes (including functional 
diploidization) may be rapid due to a more rapid fixation of genes. An 
alternative to the interpretation that the speciation event increases the 
probability of the loss of duplicate gene expression, is that the lines 
leading to the more advanced species may have been more genetically 
variable than the primitive lines and that this increased "instability" 
was responsible for both the increased number of speciation events as 
well as the increased rate of loss of duplicate gene expressions (e.g. 
Avise, 1977b). Although we are unable to establish a causal relationship 
between duplicate gene silencing and speciation events, a significant 
association of these processes is evident. 
Evolutionary changes in morphology have been largely attributed to 
changes in the temporal and spatial expressions at regulatory loci. Such 
changes in gene regulation often accompany the speciation process. Null 
phenotypes are able to arise as the consequence of mutations at structural 
and/or regulatory genes (Markert et al., 1975). Therefore, in tetraploid 
taxa, where the regulatory genes have been duplicated as well as 
structural genes, one would expect both classes of genes to 
diverge from their paralogous counterparts within the same species. 
Divergence of homologous regulatory genes could result in the two enzyme 
loci being differentially expressed (Lim and Bailey, 1977). The relative 
expressions of these two duplicate loci can be different for various cell 
types, a facet of regulatory divergence which has been demonstrated in a 
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variety of organisms at the level of differential isozyme expression 
(Markert and Ursprung, 1971; Markert et al., 1975). A more extreme 
example of regulatory gene divergence would be where the regulatory 
element diverged to a sequence which could not be recognized by the 
appropriate effector molecule; becoming in effect a null allele. 
The functional diploidization at the duplicate enzyme loci we have 
studied probably involved changes in regulatory genes as well as at 
structural loci encoding homologous isozymes. 
It is becoming apparent that different organisms follow different 
strategies of evolutionary change following speciation. In the present 
study, we have focused our research on a tetraploid taxon (Catostomidae) 
and have attempted to determine how the process of gene diploidization 
is a model for evolutionary change. During the loss of duplicate gene 
function there appears to be one component of the fixation of null alleles 
at one of these loci which is linear with respect to time. This linearity 
is similar to that occurring for amino acid substitutions in some proteins. 
There also appears to be a component of the fixation of null alleles 
which is non-linear with respect to time (over long periods) and which is 
associated with the numbers of speciations which have occurred. It is 
tempting to speculate that some of the gene silencing which is associated 
with speciation is due to mutations affecting gene regulation of one of 
the isozyme loci, and some of the gene silencing is due to mutations 
altering the structural genes; and that there is an accelerated fixation 
of nulls (caused by both mechanisms) during constrictions in population 
size. 
The Catostomidae, because of their tetraploid ancestry, and the 
fortuitous time since the tetraploidization event, are an excellent model 
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system for analyzing the rates of evolutionary change at the molecular 
and cellular levels. Future studies will focus on the mechanisms by 
which the "null" phenotype is brought about, e.g. the relative contri-
butions of mutations at structural and regulatory genes. In addition, 
we hope to be able to determine the extent that the null phenotype is 
due to lesions at transcriptional and post-transcriptional levels and 
whether silenced genes tend to be retained or physically lost. Further-
more, it will be of considerable interest to determine the extent that 
regulatory divergence of duplicate genes and the concomitant divergence 
in the physiological roles of the isozymes affects the rate of silencing 
of these duplicate genes. 
Although polyploidy among higher plants has long been known (Stebbins, 
1959), the importance of polyploidy among lower vertebrates and some in-
vertebrates is only beginning to be appreciated. Regardless of the 
organisms involved, polyploidization in a species rich taxon 
affords a particularly promising opportunity for evolutionists to study 
the processes by which new genes are formed, the means by which duplicate 
gene structure and regulation diverge and the means by which the expression 
of duplicate gene copies is lost. 
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CHAPTER V 
GENETIC VARIABILITY IN SPECIES WITH EXTENSIVE GENE DUPLICATION: 
THE TETRAPLOID CATOSTOMID FISHES 
In the last chapter it was shown that gene diploidization in the 
catostomids is a multicomponent process, being influenced by both the 
length of divergence time following speciation and the number of 
speciation events in a species' past. These studies have focused on the 
phenomenology of genie diploidization. The forthcoming chapters will 
investigate and discuss some of the possible mechanisms underlying genie 
diploidization. 
The main consideration of the next chapter is whether the level of 
genetic variability, as determined through an investigation of enzyme 
polymorphism, is related to the probability of loss of duplicate gene 
expression. A recent report of Allendorf (1978), using some of our 
published data on the extent loss of duplicate gene expression in the 
catostomids, claimed that intrinsically more polymorphic enzymes, are 
the same enzymes whose duplicate loci in tetraploids are the most likely 
to undergo genie diploidization due to the fixation of a null allele. 
Although I have found some support for Allendorf's hypothesis in 
Chapter V, other factors such as divergence of expression of duplicate 
genes to different tissues, and a depressed genetic variability observed 
at duplicate loci compared to single loci suggest that selective 
constraints are currently being exerted upon genetic variability and 
indirectly upon genie diploidization. These results and conclusions 
are the subject of the next chapter entitled "Genetic Vari-
ability in Species with Extensive Gene Duplication: The Tetraploid 
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Catostomid Fishes." This manuscript has been submitted to American 
Naturalist. 
A. Introduction 
Levels of genie variability have been extensively investigated for 
many species since electrophoresis has been used to investigate the 
genetic structure of populations (see reviews of Lewontin, 1974; Powell, 
1975). The vast majority of studies have involved diploid species and 
have attempted to relate the levels of variability to breeding structure 
(Selander, 1976), niche size (Van Valen, 1970), extent of speciation 
(Avise, 1977), enzyme function (Gillespie and Kojima, 1968; Johnson, 
1974), enzyme size (Koehn and Eanes, 1977; Johnson, 1978), and number of 
subunits in the enzyme (Harris et al., 1977). 
The effect of ploidy levels upon genetic variability has been in-
vestigated to a limited extent for haplo-diploid systems (Metcalf et al., 
1975; Selander, 1976). However, the general role that polyploidy plays 
in determining the levels of genetic variability and the extent to which 
levels are selectively or nonselectively maintained is only beginning to 
be investigated in detail. Interpretation of enzyme polymorphisms in 
polyploids is complicated by several factors including: different extents 
of disomic and tetrasomic inheritance, varying lengths of divergence 
time since the initial genome amplification, the possibility of different 
rates of divergence of gene structure and gene regulation, and the 
fixation of null alleles at one of the duplicate loci (see Chapter III 
for a more extended discussion of these points). Additional complications 
exist because polyploids can be formed by either autopolyploidy or allo-
polyploidy, and the polyploids can exhibit an array of reproductive 
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strategies, e.g. sexual, parthenogenesis, and gynogenesis (Schultz, 
1969; Uzzell, 1970; Vrijenhoek, 1977). 
Despite the genetic complexity inherent in polyploid systems, 
several theoretical discussions of polyploid variability have emerged 
(Bennett, 1954; Savchenko, 1975; Lokki, 1976). Electrophoretic analysis 
of genetic variability have been carried out for plant species such as 
Triticum (Hart and Langston, 1977) and Tragopogon (Gottlieb, 1976), and 
animal species Otiorrhyncus (Saura et al., 1976), Pycnosclelus (Parker 
et al., 1977), Salmo (Allendorf et al., 1975), and Odontophrynus 
(Schwantes et d., 1977). With the exception of the genus Salmo, most 
of the above studies have employed probable recent tetraploids, less than 
100,000 years old. In addition, most of these earlier investigations 
have concentrated on only one or a few species. 
In the present study we have investigated the genetic variability 
in a comparatively large number of species within a family of fishes which 
have existed as polyploids for a considerable length of time. This family 
of fish, the Catostomidae, trace their origin to a tetraploidization 
event at least 50 million years ago (Uyeno and Smith, 1972). The cato-
stomids are excellent organisms for the present analysis because they are 
abundant and diverse, and the species are well differentiated genetically. 
They are also a key component of North American freshwater ecosystems. 
Currently, there exist 60 species in 11 genera, with all but one of the 
species being native to this continent (Bailey, 1970). Uyeno and Smith 
(1972) have demonstrated that catostomid species characteristically 
possess 2n = 100 chromosomes compared to 2n = 50 for most diploid 
cypriniforms. Although data are currently unavailable to determine 
unequivocally whether catostomids are of auto- or alio-tetraploid origin, 
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the postulate of allopolyploidy is not unreasonable since cypriniform 
species are known to hybridize frequently (Hubbs, 1955). Allopolyploids 
are expected to have little pairing of homologous chromosomes and con-
sequently exhibit disomic inheritance at most loci. The fact that we did 
not detect any tetrasomic inheritance at any of 20 isozyme loci is 
consistent with allopolyploidy. 
Our recent investigation of the extent of duplicate gene expression 
in the catostomids (Ferris and Whitt, 1977a) revealed that species 
expressed 47% of their genes in duplicate, on the average, with the re-
mainder having been silenced through genie diploidization. The fixation 
of a null allele at one of the original duplicate loci has been predicted 
by Ohno (1970) and Nei and Roychoudhury (1973), and observed in other 
tetraploid fish taxa (Allendorf et al., 1975; Engel et al., 1975; Ferris 
and Whitt, 1977b). Despite the apparent infrequency of null alleles in 
populations of tetraploid species the formation of these nulls and 
probably also their fixation appears to be an ongoing process because a 
null allele has been observed at one locus in a tetraploid carp species 
(Engel et a_l., 1973) and at one locus in a catostomid species (un-
published data). 
The pattern of loss of different duplicate gene expressions among 
the different catostomid species has been used to reconstruct their 
phylogeny. The phylogenetic tree constructed by the Wagner method is in 
general agreement with those based on morphology (Ferris and Whitt, 1978 
and Chapter III of this thesis). The relationships of the catostomid 
genera based on morphological criteria are outlined in Figure 1. The 
number of extant species in each genus is indicated within the parentheses. 
The observation that a number of recently evolved species, as judged by 
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Figure 1. Relationships of catostomid genera based on morpho-
logical criteria. Numbers in parentheses are the 
numbers of extant species in each genus. 
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Nei genetic distances (Buth, 1978), differ in the numbers of duplicate 
genes expressed implies that the fixation of null alleles has been 
occurring relatively recently in the evolutionary history of the cato-
stomids (Ferris and Whitt, 1978 and Chapter III of this thesis). Further-
more, a detailed statistical analysis of the loss of duplicate gene 
expression reveals that this rate of loss fits the multicomponent model 
of time and speciation, much better than models based on time alone or 
speciation alone (Ferris et al., 1978 and Chapter IV of this thesis). 
One advantage to studying the Catostomidae, in which the tetra-
ploidization occurred 50 million years ago, is that sufficient time has 
elapsed for most duplicate gene products to have diverged in their struc-
ture and to be distinguished by electrophoresis. This conclusion is 
supported by calculations using Nei and Chakraborty's (1973) formulas 
for probability of electrophoretic identity based on rates of accepted 
amino acid substitutions in proteins. This assumption of structural gene 
divergence has also been supported by our observations of the isozyme 
phenotypes produced by allelic variation. Genetic variation,resulting in 
an alteration of electrophoretic mobility, generated the number of 
isozyme phenotypes and a relative intensity of isozyme bands which was 
expected for a single gene locus. On the bases of these data and others, 
for most enzyme loci, a single isozyme band is probably not the con-
sequence of two different locus products which happen to coincide in 
their mobility. Additional criteria for the determination of the one 
and two locus states are given in Ferris and Whitt (1978) and Chapter III 
of this thesis. 
The purpose of the present investigation is to determine how much 
genetic variability is present in tetraploids, and whether there is a 
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relationship between genetic variability responsible for protein poly-
morphism and genetic variability responsible for genie diploidization. 
Several hypotheses have been previously presented to account for the 
levels of duplicate gene expression found in tetraploid fishes. Allendorf 
(1978) has advanced the postulate that enzymes which tend to be more 
polymorphic should also be the ones most likely to accumulate and fix a 
null allele and thus should now exist in the single locus state. This 
postulate is a variation on the theme that the rate of evolution is 
related to the levels of genetic variability (Fisher, 1930; Avise, 1977). 
The rate of fixation of null alleles may be quite different from the rate 
of formation of the null alleles, for example, a model has been offered 
by Nei and Roychoudhury (1973) in which null alleles drift to fixation 
at duplicate loci. We have suggested that this model is not sufficient 
in itself to explain our results in view of the current information on 
average rates of protein evolution, the low frequency of nulls found, 
estimated population sizes, and the long time span since the initial 
polyploidization event (Ferris and Whitt, 1977a). Lim and Bailey (1977) 
arrived at a similar conclusion for the duplicated Ldh-A genes in trout. 
These discrepancies between the observed data (long term retention of 
duplicate genes) and the results expected from the random drift model have 
led us to consider a somewhat more selectionist model. 
We suggest that duplicate genes are not readily silenced (especially 
after 50 million years) unless problems of gene dosage and particularly 
differential tissue expression of duplicate genes are overcome, or the 
possession of duplicate gene functions becomes disavantageous in new 
environments. A different mechanism for the maintenance of duplicate 
gene expressions has been advanced by Bender and Ohno (1968) and Spofford 
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(1969). These authors have proposed that duplicate genes tend to be 
retained in their expression because of the heterotic advantage of 
multiple gene products. The results of the present analysis suggest that 
a more likely interpretation lies somewhere between the extremes of the 
neutralist and selectionist viewpoints outlined above. The probability 
of genie diploidization may have been higher for all enzyme loci shortly 
after gene duplication compared to the present time when considerable 
divergence of the duplicates has occurred. Although the overall prob-
ability of genie diploidization may have been reduced through time, the 
process of genie diploidization is probably still continuing to a 
significant extent, particularly at the inherently more polymorphic loci. 
However, divergence in expression of duplicate genes among tissues, and 
certain (subunit) interaction effects operating among duplicate loci 
lowering their levels of polymorphism could be retarding genie diploid-
ization at some of these loci at the present. 
B. Materials and Methods 
Nineteen species belonging to 8 genera were selected for this study. 
The only criterion which was used to select these species was that 15 or 
more individuals were available from each species. For about half of the 
species, heterozygosity estimates were obtained by pooling several popu-
lations, and the remainder were based on one population. In the many 
instances in which we examined multiple populations no variation was 
observed within a species for the one or two locus state of enzyme 
expression. The one possible exception is a near-null segregating at low 
levels at one enzyme locus in Erimyzon oblongus, illustrated in Figure 2. 
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Figure 2. Segregation of a presumptive null allele in a population 
2 
of Erimyzon oblongus at the GPI-B locus. 
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GPI-B POLYMORPHISM IN 
Erimyzon oblongus 
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The fish were stored at -4 C, the tissues dissected and homogenized 
in 0.1 M Tris HCl pH 7.0 buffer, and centrifuged at 27,000 x g for 20 
minutes. The supernatants were loaded onto vertical starch gels, and 
after electrophoresis, histochemically stained with minor modifications 
from Shaw and Prasad (1970). The electrophoretic conditions employed, 
enzyme nomenclature, and tissue sources of the enzymes are given in 
Ferris and Whitt (1977b) and Chapter II of this thesis. 
The criterion of polymorphism employed was the presence of allelic 
variants at a frequency of 0.05 or greater. Unless otherwise stated, hetero-
zygosities are observed proportions of individuals heterozygous per locus. 
It was not always possible to determine homologies of alleles among species, 
particularly among more distantly related ones, and therefore, alleles in 
each species have simply been designated a, b, c, etc., in order of their 
decreasing anodal mobility. Those loci which are related by recent tetra-
ploidy in the Catostomidae are designated with numerical superscripts, 
while those loci which arose by more ancient duplications and which are 
present in most diploid teleost species are denoted by capital letters 
(e.g. Ldh-A, Ldh-B; Markert et al., 1975). 
C. Results 
The simplest measure of variability is the number of enzyme loci 
polymorphic per species. The loci which are polymorphic among 19 
catostomid species and the incidences of the polymorphisms among duplicate 
and singly expressed loci are shown in Figure 3. Shaded squares are 
duplicate loci, unshaded, singly expressed loci. A + indicates poly-
morphism, and in the case of duplicates, may be either at the locus 
encoding a more rapidly anodally migrating isozyme (upper left of square) 
I 
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Figure 3. Distribution of polymorphic loci among loci expressed 
in duplicate (dark squares) and among loci expressed 
singly (light squares). See text for further 
details. 
LOCUS 
Species 
Ictiobus bubalus 
Ictiobus cyprinellus 
Carpiodes carpio 
Carpiodes vehfer 
Carpiodes cyprinus 
Cycleptus elongatus 
Erimyzon sucetta 
Erimyzon oblongus 
Erimyzon tenuis 
Minytrema melanops 
Moxostoma erythrurum 
Moxostoma duquesnei 
Moxostoma macrolepidotum 
Moxostoma cervinum 
Hypentelium nigricans 
Catostomus commersoni 
Catostomus catostomus 
Catostomus cotumbianus 
Catostomus plebeius 
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or the locus encoding a less anodally migrating isozyme (lower right of 
square). A total of 203 singly expressed loci were examined, and of 
these, 53 (26%) were polymorphic. A total of 354 loci were members of 
a duplicate set, and of these 354, 65 (18%) were polymorphic. Of 177 
sets of duplicate loci, the 65 polymorphic loci were distributed such 
that 43 sets were polymorphic at only one of the two duplicates. The 
remaining 22 loci fell into 11 sets which were polymorphic at both of 
the duplicates. 
Do polymorphisms tend to occur in the same frequency in loci which 
are duplicately expressed as those which are not expressed in duplicate? 
Given the frequency of polymorphism observed for all loci (0.21) and 
then assuming a random distribution of the polymorphic state among 
duplicately (354) and singly (203) expressed loci, one can determine the 
expected number of polymorphic loci in each class. The observation of 
53 polymorphic loci instead of the 43 expected in the singly expressed 
state is close to significance, chi-square = 3.60, df = 2, p = 0.06. In 
a similar manner, the expected number of loci polymorphic in duplicate 
locus sets has been determined. Table 1 shows the observed and expected 
distribution of polymorphisms at none, one, or both of the duplicate 
loci. There is a highly significant tendency for both duplicate loci 
to be polymorphic (chi-square = 28.18, df = 1, p < 0.001). The possible 
significance of this observation will be discussed later. 
The allele frequencies of the polymorphic loci are shown in Table 2, 
as are the number of heterozygotes and the sample sizes. The percent 
of loci polymorphic per species and the number of alleles per locus are 
given in the first two columns of Table 3. The mean percent of loci 
polymorphic is 20.8%. This level is slightly higher than a mean of 15.2% 
Table 1 
Observed Numbers of Polymorphisms at Duplicate Loci. 
There is a significant excess of cases where both 
members of a duplicate locus pair are polymorphic. 
Observed Expected 
Both loci monomorphic 123 136.15 
One locus polymorphic 43 38.20 
Both loci polymorphic 11 2.65 
Total 277 277 
Chi2 = 28.18, p < .001, df = 2. 
Table 2 
Allele Frequencies and Number of Individuals Heterozygous 
at Loci Which are Polymorphic. Numerical superscripts 
associated with the loci indicate members of a duplicate 
locus pair, with 1 representing the locus encoding the 
more anodal isozyme, 2 the less anodal isozyme. 
Species Locus # Heterozygotes 
Allele frequency 
a b e d 
Ictiobus 
bubalus 
(N=30) 
Ictiobus 
cyprinellus 
(N=25) 
Carpiodes 
£ai£io. 
(N=25) 
Sod-A1 
M-mdh-A2 
Gpi-A1 
Gpi-A2 
n „! 
Gpi-B 
Gpi-B 
6Pgd-A2 
S-aat-A1 
Adh 
Pgm 
Sod-A1 
Gpi-A1 
Gpi-A2 
Gpi-B1 
Gpi-B2 
6-Pgd-A2 
2 
S-aat-A 
Adh 
Pgm 
M-mdh 
n • »1 
Gpi-A 
Gpi-A2 
Gpi-B2 
S-aat-A 
S-aat-A^ 
1 
4 
7 
10 
20 
18 
13 
10 
12 
4 
9 
11 
13 
8 
5 
2 
6 
14 
14 
10 
7 
7 
5 
12 
5 
.95 
.07 
.18 
.15 
.18 
.57 
.23 
.23 
.73 
.93 
.22 
.10 
.46 
.24 
.06 
.92 
.06 
.56 
.52 
.60 
.06 
.82 
.10 
.48 
.14 
.05 
.93 
.82 
.05 
.58 
.33 
.72 
.77 
.27 
.07 
.78 
.16 
.32 
.76 
.86 
.08 
.88 
.44 
.26 
.40 
.86 
.18 
.90 
.52 
.86 
.80 
.24 
.10 
.05 
.68 .06 
.22 
.08 
.06 
.22 
.08 
Table 2 (continued) 
Species 
Carpiodes 
velifer 
(N=20) 
Carpiodes 
cyprinus 
(N-25) 
Cycleptus 
elongatus 
(N=15) 
Locus 
Acp 
Ck-A 
Mdh-A 
Pgm 
Adh 
M-mdh 
r, • *2 
Gpi-A 
Mdh-A Gpi-B1 
G3pdh-A2 
Ak-A1 
S-aat-A 
Pgm 
Ldh-C 
Adh 
M-mdh 
Gpi-A1 
Gpi-B2 
G3pdh-A2 
Ak-A1 
S-aat-A 
2 
S-aat-A 
Mdh-A 
Adh 
Pgm 
Sod-A1 
Sod-A2 
Gpi-A2 
Gpi-B1 
Adh 
Pgm 
# Heterozygotes 
5 
4 
5 
6 
3 
10 
6 
10 
4 
3 
6 
7 
2 
2 
2 
9 
4 
5 
3 
8 
3 
4 
20 
3 
5 
3 
4 
4 
4 
6 
4 
Allele 
a b 
.86 
.92 
.90 
.88 
.06 
.75 
.20 
.75 
.80 
.93 
.70 
.18 
.95 
.90 
.95 
.82 
.92 
.14 
.94 
.72 
.06 
.92 
.10 
.06 
.14 
.90 
.87 
.87 
.13 
.13 
.07 
.14 
.08 
.10 
.12 
.94 
.25 
.80 
.25 
.20 
.07 
.30 
.82 
.05 
.10 
.05 
.18 
.08 
.78 
.06 
.28 
.94 
.08 
.90 
.94 
.86 
.10 
.13 
.13 
.87 
.80 
.86 
frequency 
c d 
.08 
.07 
.07 
Table 2 (continued) 
Species 
Erimyzon 
sucetta 
(N=30) 
Erimyzon 
oblongus 
(N=25) 
Erimyzon 
tenuis 
(N-15) 
Minytrema 
melanops 
(N=25) 
Moxostoma 
erythrurum 
(N«35) 
Moxostoma 
duquesnei 
(N=30) 
Locus 
Sod-A2 
2 
Gpi-B 
G3pdh 
6Pgd-A2 
S-aat-A 
Acp 
Gpi-B2 
G3pdh 
Ald-C 
Mdh-A 
Adh 
Gpi-B1 
Gpi-B2 
G3pdh 
Mdh-A 
Gpi-A2 
Gpi-B1 
G3pdh 
6Pgd 
Mdh-A 
Mdh-B 
Sod-A1 
M-Mdh-A 
Acp 
Pgm 
Gpi-A1 
G3pdh 
6Pgd 
# Heterozygotes 
18 
8 
9 
3 
3 
9 
7 
3 
9 
10 
2 
2 
6 
2 
9 
12 
3 
9 
3 
10 
3 
1 
16 
6 
9 
3 
3 
6 
Allele frequency 
a 
.47 
.20 
.15 
.95 
.95 
.15 
.18 
.06 
.82 
.76 
.08 
.93 
.27 
.07 
.30 
.28 
.06 
.78 
.06 
.72 
.94 
.06 
.71 
.91 
.87 
.05 
.05 
.10 
b e d 
.53 
.80 
.85 
.05 
.05 
.85 
.82 
.94 
.18 
.24 
.92 
.07 
.73 
.93 
.70 
.72 
.94 
.22 
.94 
.28 
.06 
.94 
.29 
.09 
.13 
.95 
.95 
.90 
Table 2 (cont inued) 
Species Locus # Heterozygotes 
A l l e l e frequency 
a b e d 
Moxostoma 
macrolepidotum 
(N-35) 
Gpi-A 
Gpi-B 
S-aat 
Ck-A 
Ldh-A 
Pgm 
Moxostoma 
cervinum 
(N=35) 
Hypentelium 
Acp 
Sod-A 
Gpi-A2 
Gpi-B 
6Pgd-A2 
Gpi-A2 
(N=30) 
Catostomus 
commersoni 
(N=35) 
Catostomus 
catostomus 
(N=17) 
Mdh-A 
Mdh-B 
Adh 
Gpi-B1 
Gpi-B2 
G3pdh-A' 
ePgd-A1 
6Pgd-A2 
S-aat 
Xdh 
Gpi-A2 
G3pdh 
6Pgd-A2 
S-aat 
Ck-A 
5 
13 
10 
17 
14 
12 
10 
4 
4 
19 
9 
7 
3 
3 
7 
6 
9 
5 
4 
2 
7 
4 
2 
3 
4 
6 
4 
.13 
.67 
.14 
.50 
.66 
.23 
.83 
.06 
.09 
.06 
.87 
.15 
.05 
.05 
.12 
.91 
.10 
.13 
.06 
.06 
.90 
.91 
.06 
.15 
.82 
.18 
.12 
.87 
.33 
.86 
.50 
.34 
.77 
.17 
.94 
.91 
.70 
.13 
.85 
.95 
.95 
.88 
.09 
.83 
.87 
.94 
.94 
.10 
.09 
.94 
.85 
.18 
.82 
.88 
.16 .08 
.07 
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Table 2 (continued) 
Species Locus # Heterozygotes 
Allele frequency 
a b e d 
Catostomus 
columbianus 
(N-15) 
Catostomus 
plebeius 
Sod-A 
Gpi-A2 
Gpi-B2 
6Pgd-A2 
G3pdh 
Pgm 
Acp 
2 
9 
9 
4 
7 
2 
2 
.07 
.43 
.80 
.20 
.14 
.92 
.08 
.93 
.57 
.20 
.80 
.86 
.08 
.92 
Table 3 
Variability Parameters in Nineteen Species of Catostomids. Although 
catostomids are no more variable on a per locus basis than diploid fishes, 
there is higher genetic variability at single loci than at duplicate loci 
within the family. 
Species 
7, loci Alleles Ave. heterozygosity 
polymorphic per locus duplicate loci (Hd) 
Ave. heterozygosity 
single loci (Hs) 
H H 
(observed) (expected) 
ICTIOBINAE 
Ictiobus bubalus 
Ictiobus cyprinellus 
Carpiodes carpio 
Caplodes velifer 
Carpiodes cyprinus 
CYCLEPTINAE 
Cycleptus elongatus 
CATOSTCJHINAE 
Erimyzon sucetta 
Erimyzon oblongus 
Erimyzon tenuis 
Minytrema melanops 
Moxostoma erythrurum 
Moxostoma duquesnei 
Moxostoma macrolepidotum 
Moxostoma cervinum 
Hypentelium nigricans 
Catostomus commersoni 
Catostomus catostomus 
Catostomus columbianus 
Catostomus plebeius 
Mean =» 
s.d. = 
31.2 
28.1 
35.5 
31.3 
32.3 
18.2 
20.7 
17.2 
14.8 
22.2 
14.8 
11.1 
22.2 
16.7 
14.8 
23.3 
17.2 
13.8 
10.7 
20.8 
7.55 
1.438 
1.469 
1.387 
1.313 
1.355 
1.242 
1.207 
1.172 
1.148 
1.222 
1.148 
1.111 
1.222 
1.233 
1.148 
1.267 
1.172 
1.138 
1.107 
1.237 
0.109 
0.115 
0.090 
0.065 
0.054 
0.049 
0.038 
0.060 
0.016 
0.038 
0.051 
0.035 
0.007 
0.010 
0.023 
0.024 
0.037 
0.020 
0.078 
0.000 
0.043 
0.030 
0.068 
0.140 
0.147 
0.125 
0.164 
0.103 
0.102 
0.089 
0.081 
0.083 
0.103 
0.111 
0.111 
0.081 
0.068 
0.095 0.050 0.044 
0.055 
0.087 
0.056 
0.067 
0.033 
0.023 
0.145 
0.083 
0.024 
0.031 
0.070 
0.000 
0.037 
0.076 
0.04B 
0.058 
0.043 
0.047 
0.059 
0.034 
0.015 
0.075 
0.044 
0.024 
0.035 
0.038 
0.048 
0.016 
0.055 
0.027 
0.052 
0.042 
0.040 
0.055 
0.034 
0.013 
0.082 
0.042 
0.024 
0.042 
0.040 
0.043 
0.019 
0.055 
0.030 
tn 
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for 69 species of cyprinid fishes recently studied by Avise (1977). The 
values obtained for percent of loci polymorphic as well as the number of 
alleles per locus should be viewed only as initial estimates because of 
their strong dependency on sample size. 
Average heterozygosity per locus (H) is a better measure of genetic 
variability because it is less influenced by sample size. Good approxi-
mations of H can be obtained with the sample sizes employed here (Gorman, 
1977) Table 3 lists the average H and observed H for 19 species of 
catostomids. These H values were calculated from duplicate as well as 
singly expressed loci. The range of loci examined among these species 
was 27 to 33 (see Figure 3). A regression of sample size against H had 
a correlation coefficient of r = -0.06, which indicated that sample size 
was not exerting a significant effect. 
The H values in Table 3 are also partitioned according to heterozy-
gosities at duplicate loci within a species, H,, and singly expressed 
loci, H . H„
 fc n was 0.055, whereas H, = 0.043 and H = 0.076. The s total ' d s 
singly expressed loci are significantly higher in their heterozygosity 
compared to duplicated loci (p = 0.02), as determined with a t test. 
As we shall point out later, several enzymes are contributing strongly 
to this difference. 
One group of 5 species belonging to the subfamily Ictiobinae has 
over twice the average heterozygosity, 0.092, of species in the other 
two subfamilies, an average of 0.042. H is still significantly higher 
s 
than H, when these values are determined for species within the sub-
families. The Ictiobinae have a higher percent of duplicate genes 
functioning (58%) compared to the Catostominae (41%) but this is not a 
161 
consideration in this specific analysis because our calculations are on 
a per locus basis. 
Because the sample of enzyme loci is relatively small, the con-
tribution to heterozygosity by a few loci could be substantial. M-mdh 
and Mdh-A showed the largest increase in H over H,. When we omitted the 
s d 
data for these two loci from the analysis of the 19 species, the re-
calculation reveals that the H is still higher than the H,, but the 
S G> 
difference between these values is no longer significant (df = 36, 
p = 0.2). 
How do the above heterozygosity levels compare with those of diploid 
teleosts? The mean heterozygosity over all loci, 0.055, is not signi-
ficantly different from the mean for 22 non-cypriniform species recently 
reviewed by Fuerst et al. (1977), to which we have added Fundulus 
heteroclitus (Mitton and Koehn, 1975) and obtained an average of 0.054. 
At least 20 loci were used in these studies, although different combinations 
were employed in the various instances. The mean for the tetraploid 
catostomids is very close to that of 0.052 obtained for 69 species of 
diploid cyrinids examined by Avise (1977) and 0.056 for 14 populations 
belonging to three species of diploid cyrinids found by Buth and Burr 
(1978). These latter studies used 14-24 loci. Although all enzymes were 
not common to all studies, it is remarkable that the mean heterozygosities 
from many laboratories and many diverse kinds of fish are so similar. 
The heterozygosity levels for loci expressed in duplicate were found not 
to be significantly lower than the mean levels of single loci in diploid 
fish (Avise, 1977). However, the heterozygosity values for singly 
expressed loci in catostomids were significantly higher than the mean 
values for single loci in diploids (Avise, 1977). This difference is 
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perhaps due to an enrichment of highly polymorphic loci resulting from 
differential rates of genie diploidization among loci (Allendorf, 1978). 
To conclude that heterozygosity at singly expressed loci in catostomids 
is generally increased, compared to those single loci in diploid fish would 
be premature. Different sets of loci were used in the two analyses and 
our subsequent comparison of homologous loci between diploid and tetra-
ploid fish species has yielded ambiguous results which will be discussed 
later. A summary of all the statistical comparisons presented above is 
given in Table 4. 
What effect does the number of loci expressed for an enzyme have on 
the level of heterozygosity of the enzyme? If certain enzymes have a 
"universal" tendency to be polymorphic, then these enzymes should have 
similar levels of variability regardless of whether these enzymes are 
encoded in duplicate loci or single loci, providing there is 
disomic inheritance at all the loci being compared. We analyzed only 
enzyme loci which were duplicated in some species and singly expressed 
in others, and the data are shown in Table 5. On the average, twice as 
much heterozygosity occurs at an enzyme locus in the single state compared 
to that enzyme locus existing as one of a duplicate pair. The difference 
in heterozygosities for singly and duplicately expressed loci, within 
enzymes, is highly significant as determined by a Chi-square test 
(Chi2 = 74.76, df = 1, p < 0.001). 
To compare heterozygosity levels on a per enzyme basis with those 
reported for diploid teleosts is very difficult. Commonly, the multilocus 
isozyme data for diploid species have been pooled; for example, Ldh-A and 
Ldh-B are simply called Ldh. This pooling is probably misleading since 
the A and B loci have diverged for over 500 million years, function in 
Table 4 
Summary of Comparisons of Genetic Variability Within 
Catostomids and Between Catostomids and Diploid Teleosts 
Comparison * 
x 
mean mean 
x y t, df 
H,, Catostomidae 
H,, Ictiobinae d 
H,, Cycleptinae 
and 
Catostominae 
H , Catostomidae 
s' 
H , Ictiobinae 
s* 
H , Cycleptinae 
and 
Catostominae 
.043 .076 2.60,36 .02 
.075 .129 2.61,8 .02 
.031 .058 2.35,26 .02 
H, Ictiobinae 
H,, Catostomidae: 
omit Mdh-A, 
M-mdh 
H, Cycleptinae 
and 
Catostominae 
H , Catostomidae: 
s
 omit Mdh-A, 
M-mdh 
.092 .042 6.14,17 <.001 
.046 .060 1.09,36 >.2 
H, Catostomidae 
H, Catostomidae 
H,, Catostomidae 
Q 
H , Catostomidae 
s' 
H , Catostomidae 
s 
H, noncypriniform 
diploids 
H, cypriniform 
diploids 
H, cypriniform 
diploids 
H, cypriniform 
diploids 
H, noncypriniform 
diploids 
.055 .054 0.13,40 >.5 
.055 .052 .34,86 >.5 
.043 .052 1.00,86 >,5 
.076 .052 2.38,86 .02 
.076 .054 1.72,40 .10 
H = average heterozygosity 
H, = average heterozygosity among duplicate loci in catostomids 
H = average heterozygosity among singly expressed loci m catostomids 
Table 5 
Heterozygosity at Loci Which are Found Both in the Duplicate State 
and Single State Among Catostomidae. There is a highly significant 
tendency for a given locus to be more heterozygous in the single 
state as compared to when there are two copies of this locus. 
Duplicate State Single State 
Locus # hom # het # hom # het 
Ldh-A 15 0 463 14 
15 0 
Ldh-B 312 0 180 0 
312 0 
M-mdh 406 16 41 29 
418 4 
Gpi-A 390 32 70 0 
343 79 
Gpi-B 255 47 158 32 
230 72 
G3pdh 235 5 216 36 
234 6 
Ak-A 408 14 70 0 
422 0 
6Pgd 383 4 96 9 
350 37 
S-aa t 218 32 219 23 
232 18 
Ald-C 150 0 339 9 
150 0 
Acp 70 0 390 32 
70 0 
Ck-A 90 0 377 25 
Table 5 (continued) 
Locus 
Duplicate State 
# hom # het 
Single State 
# hom # het 
Mdh-A 
Mdh-B 
Totals 
Duplicate 
Single 
272 
269 
180 
177 
6696 
hom 
6696 
(6592) 
3078 
(3182) 
0 
3 
0 
3 
372 
het 
372 
(476) 
334 
(230) 
156 
309 
3078 
64 
7068 
3412 
334 
9774 706 10480 
Chi = 74.76, df = 1, p < .001 
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different tissues, and have accumulated significant kinetic differences 
(Markert et al., 1975). As may be seen from Table 6, different H values 
are found between Ldh-A and Ldh-B loci, as well as between Mdh-A and 
Mdh-B and Ck-A and Ck-B loci. The average heterozygosities of loci in 
the duplicate state and the singly expressed state within the catostomids 
and those values for two surveys of diploid fishes by other laboratories 
are also shown in Table 6. In some instances we reluctantly averaged our 
own data for multilocus isozyme systems in order to increase the sample 
of loci for a meaningful comparison with the values provided from the 
species in the diploid studies. The average heterozygosity at single 
loci in catostomids was shown to be higher than at duplicate loci (Table 3), 
but when the comparisons are restricted only to orthologous loci, the 
trend is less pronounced. If we analyze only those loci shared in common 
between our study and the study by Avise (1977) or the review by Powell 
(1975), in Table 6, we find that catostomid singly expressed enzyme loci 
vs. the same enzyme loci from Avise's study of diploid species have mean 
heterozygosities of 0.090 and 0.056 respectively. The singly expressed 
enzyme loci of the catostomids compared with the same enzyme loci from 
Powell's review (of the data for fish) have mean heterozygosities of 
0.083 and 0.114 respectively. The fact that the mean heterozygosity 
relationships are reversed for the two comparisons illustrates that 
different enzymes can differ substantially in their heterozygosity among 
species (whether diploid or tetraploid), especially with small sample 
sizes of enzymes. Therefore, because of these uncertainties it is 
difficult to determine whether the tetraploid fish species have higher 
levels of variability at singly expressed loci than diploid fishes, or 
whether duplicate loci in tetraploids are less variable than their 
counterparts in diploids. 
Table 6 
Heterozygosities at Enzyme Loci in Catostomid Species and Two 
Diploid Groups of Teleost Fishes. Duplicate loci appear to have 
lower genetic variability on a per locus basis compared to single 
loci in catostomids or single loci in other diploid teleosts. 
Percent diploidization also shown, is the percent of 19 species 
which have lost duplicate gene expression for each locus. 
Locus 
Ldh-A 
Ldh-B 
M-mdh 
Gpi-A 
Gpi-B 
G3pdh 
Ak-A 
6Pgd 
S-aat 
Ald-C 
Acp 
Ck-A 
Mdh-A 
Mdh-B 
Ck-B 
Sod 
Ldh-C 
Adh 
Xdh 
Pgm 
ie 
Diploidization 
94.7 
31.6 
15.8 
15.8 
31.6 
52.6 
15.8 
21.1 
52.6 
68.4 
84.2 
78.9 
47.4 
57.9 
0 
0 
100 
100 
100 
100 
«T 
.020 
0 
.053 
.131 
.175 
.067 
.018 
.055 
.101 
.014 
.047 
.038 
.103 
.008 
0 
.046 
.005 
.105 
.006 
.115 
=0 
0 
0 
.024 
.132 
.197 
.023 
.033 
.053 
.100 
0 
0 
0 
.006 
.083 
0 
.043 
-
-
-
-
Hs 
.029 
0 
.414 
0 
.168 
.142 
0 
.086 
.095 
.026 
.076 
.062 
.291 
.096 
-
-
.004 
.100 
.008 
.118 
H 
cyprinids 
.007 
.032 
.148 
.142 
.036 
.047 
.037 
.044 
.029 
.122 
.021 
.073 
H 
teleosts 
.080 
.071 
.127 
.006 
.001 
.193 
0 
.010 
.033 
.536 
0 
.235 
Percent of 19 species in which genie diploidization has occurred. 
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If the proposal of Allendorf (1978) that enzyme loci which are more 
intrinsically variable with respect to protein polymorphism have a higher 
probability of becoming diploidized is a correct one, then a correlation 
should be found between the degree of heterozygosity of singly expressed 
loci and the extent to which the loci are singly expressed among 
catostomids. We obtained a correlation coefficient of r = -0.29 between 
percent of species in which an enzyme locus had undergone genie 
diploidization from Table 6, and the mean heterozygosity of that singly 
expressed locus from the catostomids. When percent genie diploidization 
was compared with H from Avise's (1977) cyprinids we obtained correlation 
coefficients of r = -0.61, and r = 0.49 when compared to Powell's (1975) 
data for fish. These correlation coefficients are lower than those 
obtained by Allendorf (1976) (r = 0.73) when comparing percent genie 
diploidization in our 26 catostomid species (Ferris and Whitt, 1977a) 
vs H for all animals (Powell, 1975). Because the choice of enzymes and 
species compared leads to quite different conclusions about the relation-
ship of genetic variability and the probability of undergoing genie 
diploidization, additional data will be required before a definitive 
answer can be obtained on this issue. 
We were unable to find other factors, relating to the properties of 
the isozymes, which contribute to the levels of polymorphism in the 
catostomids. The extent of heterozygosity has been compared for enzymes 
of different molecular weight, subunit number, and function in Table 7. 
In general, low correlations were found with each of the above parameters 
with HL
 t , or H with the notable exception of mean total heterozygosis 
and H with the number of subunits in an enzyme. Here, the regression 
Table 7 
Physical and Functional Properties of the 20 Isozymes 
Employed in This Study 
Molecular* Subunit Enzyme 
Locus Weight Number Substrate 
Ldh-A 
Ldh-B 
M-mdh 
Gpi-A 
Gpi-B 
G3pdh 
Ak-A 
6Pgd 
S-aat 
Ald-C 
Acp 
Ck-A 
Mdh-A 
Mdh-B 
Ck-B 
Sod 
Ldh-C 
Adh 
Xdh 
Pgm 
140,000 
140,000 
70,000 
132,000 
132,000 
60,000 
21,600 
129,000 
100,000 
158,000 
122,000 
80,000 
70,000 
70,000 
80,000 
32,000 
140,000 
80,000 
275,000 
62,000 
4 
4 
2 
2 
2 
2 
1 
2 
2 
4 
2 
2 
2 
2 
2 
2 
4 
2 
2 
1 
G 
G 
G 
G 
G 
G 
NG 
G 
NG 
G 
NG 
NG 
G 
G 
NG 
NG 
G 
NG 
NG 
G 
From Darnall and Klotz (1972). 
"kit 
G = glucose metabolizing 
NG = nonglucose metabolizing 
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coefficients were r = 0.39, and r = 0.31 respectively. However, the 
sampling of monomers and tetramers is limited and any conclusions are 
tentative. 
The 20 enzyme loci may be divided into two categories, glucose 
metabolizing and nonglucose metabolizing. The categories into which 
each of the enzymes has been placed is shown in Table 7. The mean total 
heterozygosity for glucose metabolizing enzymes was higher than for non-
glucose metabolizing ones, but not significantly so. The absence of 
significant correlation of genie heterozygosity with the metabolic role 
of the enzyme has been paralleled by our observation of a lack of 
correlation for the percent of genie diploidization among the species 
with these various enzyme parameters. Low correlations (r < 0.30) were 
observed for percent of species in which a locus is singly expressed and 
the subunit number and molecular weight of an enzyme encoded by the locus. 
Similar to the lack of correspondence of heterozygosity with enzyme 
function is a lack of correspondence of percent genie diploidization and 
enzyme function. Nonglucose metabolizing enzymes diploidized in an 
average 54% of the 19 species, while glucose metabolizing enzymes 
diploidized in an average 53% of the species. 
The "neutralist" models of Allendorf (1978) and Nei and Roychoudhury 
(1973) have as an assumption that the members of a duplicate locus pair 
are functionally equivalent. However, there is increasing evidence from 
many species of tetraploid fish that duplicate loci are not expressed 
equivalently within tissues and/or among tissues (Bender and Ohno, 1968; 
Holmes and Markert, 1969; Bailey and Lim, 1975; Ferris and Whitt, 1977a, 
1977b). An extensive survey of the differential expression of duplicate 
genes within each of 10 tissues of adult catostomids recently completed 
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by us (Chapter VI of this thesis) has revealed that the majority of 
duplicate genes are expressed differentially either within or between 
tissues. The fixation of a null allele at one of the loci in a pair 
which have diverged in their tissue expressions might be more difficult 
at this stage in polyploid evolution than shortly after polyploidization 
when the duplicate structural genes and any associated regulatory 
elements were more closely related. In any event, the fact that such 
a high percentage of duplicate loci are currently differentially regulated 
in different tissues suggests that the contributions of these loci to 
enzyme activity are not equivalent. 
D. Discussion 
One of the main results of our study is that tetraploid catostomid 
fishes are no more variable on a per locus basis than diploid fishes. 
However, when one considers that the average catostomid has 47% of its 
genes expressed in duplicate, there is the possibility of a large "fixed 
heterozygosity" effect in tetraploids as compared to diploids. Such a 
fixed heterozygosity effect has been postulated for the maintenance of 
duplicate genes (Bender and Ohno, 1968; Spofford, 1969). Proving 
heterosis, however, is very difficult, and we have little direct evidence 
in support of it. The catostomids are a highly successful group but it 
would be premature to conclude that heterosis alone accounts for this 
success. It is obvious that there are many equally successful diploid 
taxa of fishes which have achieved this success without having to fix 
heterosis by polyploidization. Many other genetic and ecological factors 
in their evolutionary history may have contributed to the success of the 
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catostomids. Are the levels of heterozygosity which we have observed in 
the tetraploid catostomids similar to those levels for other tetraploid 
taxa of comparable age? 
The mean heterozygosity for 10 species of tetraploid catostomids is 
close to the mean heterozygosity for 38 populations of one species of 
rainbow trout, H = 0.058 (Allendorf, 1975), which are also tetraploids. 
The tetraploidization event in the salmonids may have been earlier than 
the catostomids (Lim et al., 1975). It is interesting to note that such 
similar values exist for taxa formed by different kinds of tetraploidy, 
allotetraploidy for salmonids, autotetraploidy for catostomids. The 
tetraploid salmonids and catostomid fishes represent much later stages in 
post polyploid evolution, with many duplicate genes having been silenced, 
and many of the remainder having diverged in their gene expression and 
specificity to different tissues. Their overall level of genetic 
variability is like that of diploids. Eventually, it will no longer be 
useful to consider the catostomids as tetraploids, in the classical 
karyotypic sense, because they are exhibiting disomic inheritance like 
normal diploids, only with a higher than diploid level of duplicate genes. 
What levels of heterozygosity exist in polyploids of much more recent 
origin? 
Because of the initially greater differentiation between the genomes 
contributing to allopolyploidy one would expect higher levels of H 
initially because of the higher probability of different alleles being 
fixed in each parental species. This expectation is borne out for 
triploid fish (Vrijenhoek et al., 1975), and beetles (Saura et al., 1976). 
A higher H has also been found in allotetraploid plants (Gottlieb, 1976). 
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We have been able to find some support for the hypothesis of 
Allendorf (1978) that genie diploidization is more likely to occur among 
inherently polymorphic loci, since singly expressed loci had higher 
genetic variability among catostomids than duplicate loci. However, if 
our sample would have included only the five species in Table 3 for which 
H, was greater than H , entirely different conclusions would have been 
drawn. Furthermore, if we had not included certain enzymes, e.g. M-mdh 
and Mdh-A in our sample, different conclusions would have been drawn. 
Although our data support the hypothesis of Allendorf that singly 
expressed loci are more genetically variable than duplicately expressed 
loci, we do not believe our data strongly exclude alternative hypotheses. 
Several important factors should be considered before this postulate is 
extended to all polyploid species. First, salmonids and catostomids may 
not be completely comparable. Salmonids may not yet have completed the 
diploidization process at the chromosomal level (Ohno, 1970), or may have 
achieved disomy more recently than is the case for the catostomids. If 
this view is correct, the duplicate genes of the salmonids would be, on 
the average, more similar to each other structurally and functionally 
than those in the catostomids, in spite of the fact that salmonids have 
comparable levels of duplicate gene expression. Although our values of 
H, and H for the catostomids are significantly different at the 0.02 
level, this significance disappears if two enzyme loci are omitted from 
the analysis. Secondly, we believe it is important that our H values for 
catostomid fishes be compared with the mean H values of other fishes, 
rather than with the mean H values for all animals, as Allendorf has done; 
since enzymes in invertebrates are more polymorphic than those in 
vertebrates (see Lewontin, 1974). In addition, for some enzymes, fish 
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have different levels of heterozygosity when compared to the same 
enzymes of other vertebrates (Powell, 1975). 
Our observations that the correlations of variability and extent of 
genie diploidization depend on the enzymes examined suggests care should 
be taken in the interpretation of these data. The theoretical consider-
ations of relationship of genetic variability and the probability of loss 
of duplicate gene expression appear to be reasonable ones, but the actual 
data are sufficiently divergent from expectation to warrant a more 
detailed examination of some of these exceptions. Glucosephosphate 
isomerase is a highly polymorophic enzyme in many organisms, including 
catostomids, yet the Ictiobme species have retained both loci in dupli-
cate and manifest little tissue differentiation of expression for the 
Gpi-A and Gpi-B isozymes evident among the species. Heterozygosities at 
both the Gpi-A and B loci are exceptionally high (0.25 and 0.24 
respectively). Extensive polymoprhism at the Gpi-A locus is illustrated 
in Figure 4. Under the model of Allendorf we would have expected null 
alleles to have appeared frequently and perhaps become fixed more readily 
at these enzyme loci than at other enzyme loci. As an example of the 
other extreme we have observed two proteins with low H values in fish, 
Ck-A (present study, and Buth and Burr, 1978), and Ldh-A (Avise, 1977) 
both of which have diploidized extensively in the catostomids. These 
results, which are also opposite from those predicted by the model of 
Allendorf, may be the consequence of the random fixation of a null allele 
early in the history of the catostomids. 
As mentioned previously, the duplicate genes in catostomids have 
diverged considerably in their expression among tissues and thus the 
physiological consequences of the expression of these loci are probably 
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Figure 4. Extensive genetic variation at the duplicate Gpi-A 
loci in Ictiobus cyprinellus. 
GENETIC VARIATION AT THE 
DUPLICATE GPI-A LOCI IN 
Ictiobus cyprinellus 
© 
o- • 
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no longer completely equivalent. Lira, and Bailey (1977) have suggested 
that in the salmonids, the degree of functional divergence of duplicate 
genes is not very great. The apparently more extensive divergence of 
tissue expression of duplicate loci in the catostomids than the salmonids 
may help account for the difference in the extent of variability of 
duplicate genes in the two teleost groups. The argument implies a more 
selective role for the maintenance and loss of duplicate gene expression. 
Additional evidence in support of the selective maintenance of duplicate 
expression is that the genetic variability at duplicate loci is about 
half that at the same locus when singly expressed. A "depressed hetero-
zygosity" effect is observed when comparing the heterozygosity values of 
loci in duplicate locus sets with the value for singly expressed loci in 
catostomids (Table 3). It is not clear whether such a depression would exist 
if our data were able to be compared to values at homologous loci in 
diploid species. In any event, some kind of interaction between the 
products encoded at duplicate loci (when compared to single loci within 
catostomids) is consistent with the findings of Harris et al. (1977) for 
reduced polymoprhism at multilocus isozymes compared to loci encoding 
single enzymes in humans. Harris et al. (1977) explained the reduced poly-
morphism in multilocus systems as arising from constraints imposed on both 
duplicate locus products because they usually must interact with each 
other by forming heteropolyroeric isozymes composed of both locus products. 
Some of the duplicate locus sets in catostomids may represent isozymes 
systems with incipient physiologically distinctive roles and may differ 
from those of humans only in that they have not had sufficient time to 
diverge as substantially in their structure and function. 
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Although we observed reduce heterozygosity at loci expressed in 
duplicate we also observed an excess of polymorphism at both members of 
a duplicate locus set. At first, these results appeared contradictory 
but a closer examination of the data revealed that 7 of the 11 sets of 
doubly polymorphic duplicate loci involved GPI isozymes; thus the higher 
polymorphism levels of duplicately expressed loci do not appear to be a 
general phenomenon but more probably a property of this particular 
enzyme. 
We have shown above that the extent of heterozygosity is partially 
dependent upon the one or two locus state of expression in catostomids. 
There is a low negative correlation of heterozygosity with subunit 
number, in the direction found by Harris et al. (1977), and like Harris 
et al. (1977) we found no correlation of heterozygosity with subunit or 
enzyme molecular weight. Our observation of an increased heterozygosity, 
but a statistically insignificant increase at glucose metabolizing enzymes 
compared to nonglucose metabolizing enzymes is similar to that observed by 
Ward and Beardmore (1977) among diploid plaice. 
Although a significant correlation was found between levels of 
heterozygosity and the expression of one or two duplicate loci, no 
correlation was apparent with the extent of genie diploidization and the 
structure or metabolic role of the enzyme. No correlation was seen 
between percent genie diploidization and subunit number or enzyme 
molecular weight; and glucose and nonglucose metabolizing enzymes undergo 
genie diploidization to the same extent. Thus, genie diploidization 
appears to be occurring randomly among enzymes with respect to these 
enzyme properties, but future studies may reveal relationships with other 
functional or structural properties of an enzyme. 
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The evolutionary history of a catostomid species may be one of the 
main determinants of the levels of heterozygosity (and genie diploidi-
zation). We found that heterozygosity was particularly high among the 
morphologically primitive species of the subfamily Ictiobinae. There 
is morphological and dietical evidence that these species are pursuing 
quite different life styles than other catostomids (Eastman, 1977). 
On the bases of all these various considerations, we conclude that 
the loss of duplicate gene expression after polyploidization depends on 
an interplay of a number of factors. For some enzymes, the rate of 
formation and fixation of nulls may partially reflect the intrinsic 
genetic variability of the enzyme. Our observations are consistent with 
this postulate, because singly expressed loci are in general more poly-
morphic and heterozygous among catostomids than duplicate ones. However, 
the relationship of higher genetic variation with higher probability 
of loss of duplicate gene expression is perhaps becoming less significant 
as these duplicate loci diverge to different tissue expressions and thus 
may not be accepting nulls as readily as the same loci shortly after 
polyploidization when the genes were more closely related and their 
expressions more redundant. Still another constraint on heterozygosity, 
and thus indirectly upon genie diploidization, is the apparent constraint 
upon the acceptance of amino acid substitutions in multilocus gene 
products which interact with each other in heteropolymers. We have, in 
fact, detected a depressed heterozygosity among isozyme systems encoded 
by duplicate loci produced by the tetraploidization compared to singly 
expressed loci in tetraploids. 
The present study has outlined some of the factors affecting genetic 
variability within polyploid systems and has attempted to ascertain the 
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relationship between such genetic variability affecting the structure of 
the gene product and the genetic variability responsible for the loss 
of duplicate gene expression following the polyploidization event. Other 
levels of analysis suggest that the factors involved in determining the 
genetic variability responsibile for the loss of duplicate gene 
expression are affected by both time and speciation events (Ferris 
et al., 1978 and Chapter IV of this thesis). Future studies will focus 
on the physiological bases for such constraints upon genetic variability 
and genie diploidization, and will include analyses of the effects of 
enzyme dosage levels and divergence of duplicate gene expression upon 
genie heterozygosity and genie diploidization in tetraploids. 
E. Summary 
Tetraploid catostomid fishes have been achieving genie diploidization 
at many loci for over 50 million years. On the average, catostomids are 
exhibiting duplicate gene expression at 477o of their loci, thus dis-
playing a greater diversity of isozymes than diploids. Yet on a per 
locus basis, the typical catostomid has the same level of genetic vari-
ability as diploid teleosts. Our observation of reduced heterozygosity 
at multilocus systems supports the postulate that some of the duplicate 
loci may be retained due to interactions between their gene products or 
perhaps because these duplicate loci are diverging to different tissue 
specificities. Our observation that singly expressed loci tend to be 
more polymorphic than duplicate loci also supports the concept that the 
levels of genie diploidization are in part determined by the likelihood 
of the appearance and fixation of null alleles, which in turn is deter-
mined by the intrinsic genetic variability of the enzyme involved. The 
present analysis of genetic variability at a number of enzyme loci in 
many species of many genera within a tetraploid family helps provide a 
broad evolutionary picture of strategies of genetic variability found 
in different taxa, and we suggest a number of components which are 
probably contributing to both genetic varability and to the loss of 
duplicate gene expression. 
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CHAPTER VI 
EVOLUTION OF DIFFERENTIAL TISSUE EXPRESSION OF DUPLICATE 
GENES IN A FAMILY OF TETRAPLOID FISHES 
The analyses of the previous chapters have focused on one of the 
two possible fates of duplicate genes following polyploidization, the 
loss of expression of one of the duplicate copies. Because high levels 
of duplicate gene expression are still retained in various taxa, and 
because different taxa can differ in the levels of duplicate genes 
expressed, we have suggested some components which may be contributing 
to the loss of duplicate gene functions. As interesting as these results 
are an even more interesting issue remains to be answered, "What are the 
evolutionary fates of those genes which are still expressed in duplicate?" 
It is a striking fact that all higher vertebrates are endowed with a 
large number of multilocus isozyme systems. Fisher et al. (1978) have 
shown that fishes have many enzymes existing as multilocus isozymes, and 
Hopkinson et al. (1976) have shown that over a third of human gene loci 
exist in multiple copies. In vertebrates many genes encoding multi-
locus isozymes have diverged to different tissue specificities (Markert 
and Ursprung, 1971; Swallow and Harris, 1972; Markert et al., 1975). 
One possible advantage of the duplication of a structural gene and its 
associated regulatory gene(s) is that the organism can gain a more 
refined regulation of enzyme levels and activity in different develop-
mental stages and among differentiated tissues. In addition to the 
metabolic diversity and flexibility provided by multilocus isozymes, the 
presence of the multiple isozyme loci and their associated regulatory 
elements has recently been proposed to play an important role in the 
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evolution of gene regulation (Zuckerkandl, 1978). Unfortunately, 
because of the great amount of time which has elapsed since the time of 
the gene duplication, it is difficult to resolve the important question 
of how these multilocus isozyme loci have evolved to the new regulatory 
specificities which have lead to their differential expression. The 
duplicate genes of the tetraploid catostomid fishes are an excellent 
system for analyzing the incipient stages of isozyme evolution. Only 
50 million years have passed since the tetraploidization of the catostomids 
rather than the 500 million years which have passed since the poly-
ploidization event(s) of the early chordates which gave rise to many of 
the multilocus isozyme systems in the diploid vertebrates of today. 
Considerably greater divergence in gene structure and regulation has 
occurred in 500 million years. After only 50 million years 
some loci have not diverged at all, some are only moderately 
diverged, and some have substantially diverged in their tissue* 
expression. Because there is some variation in the extent of divergence 
of duplicate gene expression among different tissues, among different 
enzymes, and among different catostomid species, it should be possible to 
detect evolutionary trends in the divergence of tissue expression. It 
should also be possible to determine the probable time that certain 
patterns of divergent expression first arose in a lineage. This phylo-
genetic assessment of divergent gene expression as well as an evaluation 
of the developmental and molecular components contributing to the process 
are discussed in Chapter VI. This chapter forms the basis of a manuscript 
which will be submitted to the Journal of Molecular Evolution, and is 
entitled "Evolution of Differential Tissue Expression of Duplicate Genes 
in a Family of Tetraploid Fishes." 
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A. Introduction 
During the course of evolution there has been a general increase in 
the cellular DNA content of more complex forms of life (Britten and 
Davidson, 1971; Sparrow and Nauman, 1976). Concomitant with this 
increase in DNA has been a proliferation of isozymes encoded by multiple 
gene loci (Ohno, 1970). The individual isozyme loci have been pro-
gressively temporally and spatially restricted in their expression 
(Markert et al,, 1975). One measure of evolutionary complexity is the 
increased number of differentiated cell types and the increasing tendency 
for each cell type to possess a unique array of gene products (Markert 
and Ursprung, 1971). Hopkinson et al. (1976) have estimated that 
approximately one-third of human enzyme loci exist in multiple forms. 
The origin and diversification of one multilocus system, hemoglobin, has 
been thoroughly documented (Ingram, 1961; Zuckerkandl, 1965; Perutz 
et al., 1965; Goodman et al., 1975). In the lower vertebrates, the 
phylogeny of creatine kinase (Eppenberger jet al., 1971; Watts, 1975; 
Fisher and Whitt, 1978) lactate dehydrogenase (Whitt et al, 1973; Markert 
et al., 1975) as well as other multilocus isozymes (Fisher et al., in 
preparation) reveal a marked proliferation of isozyme loci which has been 
accompanied by an increasing restriction of their expressions to various 
differentiated tissues. The evolution of duplicate genes has also been 
studied in plants (Gottlieb, 1976; Garcia-Olmedo et al., 1977; Hart and 
Langston, 1977). The divergence in kinetic properties of isozymes encoded 
in duplicate genes has been demonstrated by Gottlieb (1977), and temporal 
divergence of multilocus isozymes expression has been demonstrated by 
Scandalios (1975). 
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How do the genes responsible for the different repertoires of 
enzymes and multilocus isozymes become differentially activated and 
modulated in the many diverse cell types? This question, which is per-
haps the central one in developmental biology, can be restated from an 
evolutionary perspective. How do these homologous genes, which were 
initially identical in their structure and regulation, come under 
separate developmental control to form the characteristically specific 
temporal and spatial distribution of isozyme patterns? In the present 
study we are specifically investigating the extent of divergence of 
paralogous gene expression after 50 million years, and are attempting to 
assess some of the genetic and developmental components participating 
in this process. 
Polyploid organisms provide an excellent opportunity to study the 
different evolutionary fates of duplicate genes. Ohno (1970) hypothesized 
that one or more rounds of polyploidy have been important in the early 
formation of the chordates (approximately 500 million years ago) and 
explain, in part, the great diversity of related isozymes present in the 
vertebrates today. Examination of more recent polyploids (50-100 million 
years ago) in a few fish orders has revealed that these polyploids express 
a significantly higher number of multiple locus enzyme systems than their 
diploid relatives (Engel et al., 1975; Allendorf et al., 1975; Ferris 
and Whitt, 1977a,b,c). The catostomid fishes of North America represent 
an entire family derived from a tetraploidization event 50 million years 
ago (Uyeno and Smith, 1972). The catostomid karyotypes and DNA content 
are approximately twice those of related taxa (Uyeno and Smith, 1972). 
Sufficient time has elapsed since the transition to disomy to permit the 
divergence of structure and regulation of duplicate genes in these 
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species (Ferris and Whitt, 1978a and Chapter III of this thesis). The 
average catostomid has lost the expression of 53% of its duplicate gene 
copies through null mutations at structural and regulatory loci. The 
levels of duplicate gene expression retained are comparable to those in 
other tetraploid fish of approximately the same age (Allendorf et a_l., 
1975; Engel et al., 1975; Ferris and Whitt, 1977c). 
The present study will focus on the evolution of the regulation of 
the expression of the duplicate genes which have been retained in the 
catostomids. We have found substantial differential expression of 
duplicate genes within and among tissues after 50 million years. The 
extent of divergence of expression of duplicate genes has been analyzed 
according to enzyme, tissue, and species. The degree of divergence of 
expression of duplicate copies has been compared with a number of para-
meters, including the taxonomic rank of a species, levels of genetic 
variability, various physical and metabolic properties of the enzymes, 
as well as developmental and physiological properties of the tissues in 
which these duplicates are expressed. Lastly, we have been able to trace 
the probable phylogenetic point of origin of several patterns of 
differential gene expression. 
B. Materials and Methods 
The rationale for establishing isozyme homologies among species and 
the criteria and assumptions used in determining the number of genes 
expressed are given in Chapter III. 
Adult fish were stored at -10 C and analyzed within two months. 
No differences in the isozyme patterns were detected between frozen and 
unfrozen specimens. However, one species, Chasmistes brevirostris, had 
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been stored two years. Therefore, its patterns of gene expression should 
be regarded as preliminary. Fish were collected during the summer in 
post-reproductive stages in order to minimize seasonal and physiological 
fluctuations which might affect gene expression. In a previous survey 
of the catostomids, the duplicate locus expression of each enzyme was 
scored from one or two tissues in 15-30 individuals of a species. Poly-
morphism for duplicate vs single gene expression was generally not en-
countered. The ratio of isozymes encoded by duplicate genes within a 
tissue did not vary substantially among individuals of a species. 
Extracts of tissues were prepared by homogenizing each tissue in 
two volumes of 0.1 M Tris HCl pH 7.0 with a motorized Potter Elvehjem 
homogenizer. The enzyme extract was centrifuged at 27,000 x g at 4 C 
for 20 minutes. Approximately 50yl of each supernatant was loaded into 
each of 12 slots in starch gels (Buchler, Inc., New Jersey, Lot 307) 
and after vertical electrophoresis were stained histochemically at 37 C 
and in the appropriate pH buffer for each enzyme according to procedures 
in Shaw and Prasad (1970). A more detailed discussion of materials and 
methods is provided in Chapter II of this thesis. The enzymes names, 
abbreviations, and buffer systems employed are shown in Table 1 of 
Chapter II. 
Care was taken to stop the staining process early so that the bands 
on the gel did not overstain. However, occasionally when one or more of 
the isozymes was present in disproportionately higher amounts (and 
activity) than the other isozymes, it was difficult to detect the isozymes 
present in minor amounts and then to stop the staining process before dye 
deposition became nonlinear for the isozymes in higher levels. The 
reaching of a plateau of staining intensity for the more active isozymes 
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while the staining intensity change is still proceeding linearly for the 
less active isozyme would introduce a bias in our results in a more con-
servative direction. That is, the intensities of isozyme bands would 
appear to be more similar to each other in intensity than their actual 
activities (and number of molecules present) than they really were. 
Another source of error can be responsible for a non-stoichiometry of 
amount of dye deposited and amount of isozyme present. Enzymes present 
at higher levels in gels tend to be less catalytically efficient on a 
per enzyme basis than the more dilute isozymes. For a further discussion, 
see Markert and Masui (1969). This bias also leads to a conservative 
error, i.e., there appears to be less divergence in the activity 
of duplicate gene expression than there really is. These sources of 
error were not present when we employed the Klebe (1975) serial dilution 
procedure to determine the visual endpoints for quantitation of relative 
isozyme activities. 
The relative contributions to isozyme activities of the two duplicate 
genes expressed within a tissue were determined in two ways. In the 
first case the relative intensities of the isozyme bands were determined 
for many enzymes by the visual endpoint serial dilution method of Klebe 
(1975). We examined duplicate gene expression in 89 tissues in this way 
(about 10% of all tissues examined) among the species and enzymes. In 
this procedure we used serial one-half dilutions of extracts containing 
isozymes encoded by duplicate genes, loaded each dilution sequentially in 
the 12 slots of a starch gel and then histochemically stained the gel 
after electrophoresis. The staining reaction was stopped before isozyme 
activity was detected in the channel receiving the extract in lowest 
dilution. The last dilution at which a band was visible was noted for 
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each homopolymeric isozyme of the duplicate genes. Knowing the dilution 
factors, the relative ratio of activities of these homopolymer bands 
could be calculated, and fall within a series: 1:1, 1:2, 1:4, etc. 
The second method for determining the relative contributions of the 
duplicate loci was direct visual estimation of the ratios without a 
serial dilution. These visual estimations were based first on a 
comparison of unknown ratios with the ratios which had been elucidated 
by Klebe's procedure and secondly on the standards of activity ratios 
which we established by mixing different amounts of isozymes with known 
activity to give known ratios. As was the case for the serial dilution 
procedure the ratios which could be distinguished with the highest degree 
of confidence differed by multiples of two, i.e., 1:1, 1:2, 1:4, etc. 
In the case of some enzymes only one gene product was detected in 
one of the tissues whereas two gene products were present in one or more 
of the other tissues. One might interpret the presence of only one gene 
product in a tissue as the non-expression of one of the genes or that 
both genes are expressed but that the level of one of the gene products 
is too low to be detected by our histochemical staining procedures. Since 
we were unable to distinguish between these alternatives we chose to take 
the more conservative stance that the second gene product was present but 
in undetectably small amounts. Therefore we established a probable 
lower threshold level for different homopolymeric isozymes. These 
threshold limits for detecting homopolymers were estimated from experience 
with Klebe's serial dilution procedure. Because the distribution of sub-
units within and among isozymes is different from monomers, dimers, and 
tetramers, one can detect the presence of two locus expression with more 
sensitivity in the enzymes containing higher numbers of subunits. In 
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instances where only one homopolymeric band was observed, and no hetero-
polymers with a second locus product, the other locus homopolymer was 
assumed to be undetectable, but present in either a 1:32, 1:256, or 
1:256 ratio, depending on whether the enzyme was a monomer, dimer, or 
tetramer, respectively. Such an assumption that the isozyme is present 
but just below the threshold of detectability again introduces a con-
servative bias to the results. 
The ratios of subunit activities were in most instances able to be 
established from the ratios of the two homopolymeric isozymes. In some 
instances, only one homopolymer was detectable but the other homopolymer 
was not. However, in these cases, the presence of heteropolymers 
demonstrated that the second locus was active, although at a very low 
level. From the ratios of homopolymer to heteropolymer activities on 
serial dilution gels it was possible to calculate the relative contri-
butions of the subunit types, and the theoretical levels of the second, 
undetected homopolymer. Our data from all Klebe dilution experiments 
were generally consistent with the assumption that the different subunit 
types were assembling randomly and that the distribution of the homo-
polymeric and heteropolymeric isozymes was a binomial one. The genetic 
and molecular basis of one exception, the creatine kinase-A subunits, is 
described elsewhere (Ferris and Whitt, 1978b). The only other non-
binomial isozyme pattern was observed for duplicate Ldh-A loci and is 
described in the results. 
A necessary assumption that we have made is that the ratios of the 
isozymes reflect the ratios of the different subunit types and these in 
turn reflect the relative expressions of the duplicate genes. We have 
determined the ratio of subunit activity (presumably reflecting the ratio 
of the number of subunit types) from the relative activities of the 
different isozymes as revealed by differences in staining intensity. 
The ratios of the subunits (and therefore the ratios of the duplicate 
gene expression) were determined by taking the square root of the ratio 
of homopolymer activities for dimers, and the fourth root of the ratio 
for tetramers. No adjustments were necessary for monomers. Because the 
ratios fall within a geometric progression, all statistical analyses 
were made on the log,Q transformation of the ratios. The sign of the 
ratio was made positive when the more anodal isozyme predominated and 
negative when the less anodal isozyme predominated. In the case of all 
statistical calculations the absolute value was taken, leading to a more 
conservative estimation of the extent of divergence. When the relative 
predominance of duplicate isozymes changes for different tissues within 
a species, more extreme divergence is thought to have occurred than if 
only one of the isozymes consistently predominated in all the tissues 
(see Discussion). For further comparisons using the mean level of 
divergence, the inverse log was taken of the mean. 
C. Results 
The patterns of duplicate gene expression, as revealed for all 
species, enzymes, and tissues exist in a continuum from nondivergent to 
highly divergent. The results will be presented in five sections, the 
first a primarily descriptive assessment of the various patterns of 
divergence of duplicate gene expression among tissues, the second the 
actual ratios of isozyme expressions among tissues, the third a 
quantitation of the extent of divergence of duplicate gene expression 
among tissues, the fourth a quantitation of the extent of divergence 
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within and among tissues, and lastly a phylogenetic analysis of the 
origins and distributions of specific tissues patterns of differential 
gene expression. 
1. Patterns of Duplicate Gene Expression 
Three categories have been established for the types of gene 
expression in a given species and for a given enzyme. The small number 
of these arbitrary categories results in a certain loss of information 
but an increase in confidence in the resulting conclusions. These 
categories are designated Nondivergent, Unidirectionally divergent, and 
Bidirectionally divergent. In the Nondivergent category are duplicate 
genes which are equally expressed in all tissues in which the enzyme is 
normally expressed. The Unidirectionally divergent category, which 
includes most of the divergent patterns observed, is comprised of "sets" 
of tissues in which the duplicate genes are expressed unequally in one 
or more tissues and the departure from the 1:1 ratio of expression is 
consistently in one direction for all tissues. An example would be where 
the activity (and amount) of one homopolymeric isozyme predominated over 
the other in all tissues, but to greater or lesser extents depending upon 
the species and tissues. The patterns of duplicate gene expression in 
the Bidirectionally divergent category are also characterized by 
differential gene expression, but in this category there is no consistent 
predominance of one locus product over another among the various tissues. 
For example, one homopolymeric isozyme may be predominantly expressed in 
some tissues, and the other homopolymeric isozyme be predominant in its 
expression in other tissues. In the case of either Unidirectionally or 
Bidirectionally divergence, some duplicate genes can be equivalently 
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expressed in some of the tissues. Some of the possible molecular and 
genetic bases for the categories of phenotypes will be discussed later. 
An illustration of Nondivergent expression in all tissues is shown 
in Figure 1 for adenylate kinase (AK), in Ictiobus bubalus. Nondivergent 
expression both within and among tissues is assumed to represent the 
ancestral pattern of duplicate gene expression. 
The extent of differential locus expression among tissues in the 
Unidirectionally category can range from equivalent gene expression in 
all tissues except one,to non-equal expression in all the tissues in 
which the enzyme is expressed. An example of a subtle divergence in 
duplicate gene expression is seen for soluble malate dehydrogenase (MDH). 
A loci of Cycleptus elongatus in Figure 2. Equal ratios of the homodimer 
2 
activity are present in all tissues except gonad, where the A locus 
expression predominates over that of the A locus. A greater divergence 
of gene expression is seen for the mitochondrial malate dehydrogenase 
loci of Hypentelium nigricans in Figure 3. In this species, 8 of 10 
tissues have divergent ratios, with only brain and gill having a 1:1 
ratio of activity. An examination of the staining intensities of the 
1 2 homodimeric bands, A„ and A., reveals that among the 8 divergent tissues, 
heart, eye, spleen, and kidney are only slightly diverged from the 1:1 
condition, whereas the duplicate genes are more differentially expressed 
in the other four tissues. In all tissues where divergent gene expression 
1 2 
was detected the A gene predominated over the A gene in expression. 
Another pattern of divergent gene expression is illustrated in Figure 4 
for H. nigricans. These patterns are more divergent than those shown 
before. The enzyme, glucose phosphate isomerase (GPI), is a dimer. The 
A and B loci, present in all diploid teleosts, appear to have arisen by 
198 t 
Figure 1. Expressions of duplicate adenylate kinase loci in 
tissues of Ictiobus bubalus. The isozymes encoded 
by the duplicate loci are equivalently expressed 
in each of the tissues. 
DUPLICATE AK-A LOCUS EXPRESSION 
IN TISSUES OF Ictiobus bubalus 
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Figure 2. Expression of duplicate cytosol malate dehydrogenase-A 
loci in tissues of Cycleptus elongatus. Equivalent 
gene expression is observed for most tissues, however, 
a slight divergence of gene expression is evident in 
one of the tissues, gonad. 
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MDH-A GENE EXPRESSION 
IN TISSUES OF 
Cycleptus elongatus 
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Figure 3. Differential expression of duplicate mitochondrial 
malate dehydrogenase loci in tissues of Hypentelium 
nigricans. The duplicate loci are differentially 
expressed in most tissues of this species. There are 
also some differences among tissues in the ratios of 
differential gene expression. 
MITOCHONDRIAL MALATE DEHYDROGENASE 
ISOZYME PATTERNS IN TISSUES OF 
Hypentelium nigricans 
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Figure 4. Differential expression of glucosephosphate 
isomerase-A loci in tissues of Hypentelium nigricans. 
Extensive divergence in the expression of duplicate 
Gpi-A loci have occurred within and among tissues. The 
Gpi-B locus is singly expressed in tissues of this 
species due to genie diploidization. 
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an ancient polyploidization event perhaps over 500 millions years ago 
(Avise and Kitto, 1973; Whitt et al., 1976; Fisher et al., 1978). The 
duplicated B loci are restricted in their expression to muscle, heart, 
and gonad, whereas duplicate A loci are expressed in all tissues except 
muscle. The homodimeric isozymes encoded by the recently duplicated A 
loci are present in unequal activities in all the tissues except kidney, 
where it is 1:1. In those nine tissues with divergent gene expressions, 
all nine exhibit a substantial asymmetry of duplicate gene expression. 
An example of a species (Carpiodes cyprinus) in which duplicate 
genes are differentially expressed in all tissues is shown in Figure 5. 
The enzyme, lactate dehydrogenase (LDH), is a tetramer and is also 
encoded by a basic set of three loci, A, B, and C in most diploid 
teleosts (Whitt et al., 1971; Whitt et al., 1973). The A and B loci 
arose by duplications nearly 500 million years ago (Markert et al., 
1975). All three loci (A, B, and C) were presumably duplicated during 
the tetraploidization of the catostomids and subsequently the A and C 
loci have undergone genie diploidization in some taxa, while the B locus 
has remained duplicated in all taxa. Immunoprecipitation combined with 
starch gel electrophoresis was employed to determine which of the 
isozymes in Figure 5 are encoded by B subunits. The homotetramers have 
been denoted in the figure. The B locus predominates in all tissues, 
and indeed may be the only B locus activated in eye, stomach, and spleen. 
2 2 
The B is expressed primarily in heart and gonad. The B homotetramer 
is the fifth band from the top in heart. Divergent LDH B locus expression 
occurs in the same fraction of tissues in a different species, Cycleptus 
elongatus, Figure 6. However, in C. elongatus, unlike in the previous 
2 1 
species, the B homotetramer predominates over the B homotetramer in all 
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Figure 5. Differential expression of duplicate LDH-B loci in 
tissues of Carpiodes carpio. The Ldh-A and C loci 
have undergone genie diploidization. The duplicate B 
loci have undergone substantial divergence in their 
expression in tissues of this species. 
LDH ISOZYME PATTERNS IN TISSUES OF 
Carpiodes cyprinus 
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Figure 6. Spatially specific expression of duplicate LDH loci 
in Cycleptus elongatus. The Ldh-C locus has 
functionally diploidized, but both Ldh-A and Ldh-B 
genes have been retained in duplicate. Both sets of 
duplicate loci show considerable differential 
expression within and among tissues. 
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tissues. The A locus is duplicated in C. elongatus and both copies are 
expressed equally in muscle, whereas the A homotetramer greatly pre-
dominates or is the only one expressed in all other tissues except 
stomach. However, in stomach there has been a reversal in the pre-
2 
dominance of expression of the duplicate genes such that the A pre-
dominates over the A . This "Bidirectionally divergence" appears to 
represent a more complex pattern and leads us to the last category. 
One of the most striking patterns of differential gene expression 
is seen for the duplicate creatine kinase (CK) B loci in C. cyprinus, 
in Figure 7. Both B loci are equivalently expressed in brain, and the 
dimeric isozymes are in a 1:2:1 ratio expected for random assembly of 
equal numbers of the two types of B subunits. These same duplicate genes 
are differentially regulated in other tissues. The B homopolymeric 
2 
isozyme predominates in eye tissue whereas in heart the B isozyme is 
the only gene product detected. Another example of tissue differences 
in differential gene expression is illustrated in Figure 8 for the 
dimeric 6-Phosphogluconate dehydrogenase in C. velifer. The A locus 
2 
expression predominates in liver, and the A locus expression pre-
dominates in gill and to a lesser extent in stomach. In all three 
categories of duplicate gene expression (Nondivergent, Unidirectionally, 
and Bidirectionally Divergent) the ratios of homopolymers and hetero-
polymers are consistent with the ratios expected for the random assembly 
of the subunits into all possible isozymes. These data suggest that 
although the duplicate genes can be differentially expressed within a 
tissue, the ratios of expression must be similar, if not identical, for 
the majority of different cell types making up that tissue. 
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Figure 7. Differentiated expression of duplicate CK-B loci 
in tissues of Carpiodes cyprinus. The tissue 
differences in isozyme patterns in which the B„ 
2 
predominates in eye and the B„ is exclusively 
expressed in heart is consistent with the differential 
regulation of these duplicate loci, and is referred to 
as a Bidirectional pattern of divergence. 
213 
DIFFERENTIAL EXPRESSION OF 
DUPLICATE CREATINE KINASE-B LOCI 
IN TISSUES OF Carpiodes cyprinus 
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Figure 8. Bidirectional pattern of divergence of duplicate 
6-Pgd locus expression in three tissues of Carpiodes 
velifer. The B locus expression predominates in 
2 
liver, and the B locus expression predominates in 
gill and stomach. 
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Although most of the isozyme patterns of tissues are consistent 
with a free access of all subunit types and their random assembly, we 
have found a few isozyme patterns which are more complex and suggest that 
specialized cell types within a tissue have different patterns of gene 
expression. Such a heterogeneity in the patterns of gene expression 
would result in binomial isozyme patterns within each cell type but the 
different binomial patterns would add up to a non-binomial pattern for 
the whole tissue. An extreme example of this preferential gene expression 
would be for one duplicate locus to be expressed in one cell type and 
the other copy to be expressed in another cell type. The consequence is 
that the two subunit types would have reduced access to each other and 
thus few or no heteropolymers would be detected in a tissue composed of 
such cell types. 
Examples of binomial and non-binomial LDH-A, isozyme distributions 
are shown for two tissues of Cycleptus elongatus in Figure 9. Near 
bionomial ratios of the five isozymes are present in muscle, yet in 
stomach all the heterotetramers are present in much lower levels than one 
would expect for the relative amounts of each of the two subunit types 
present. In order to determine whether the stomach isozyme pattern was 
an artifact of the homogenization procedure, equal amounts of the 
extracts of muscle and stomach were incubated six hours at room temper-
ature. There was no proteolytic digestion of heteropolymers in muscle 
by enzymes in stomach extract. However, I was unable to exclude the 
possibility that differential protease activity occurs in vivo. There 
was also no intrinsic instability of the heteropolymers in vitro when 
subjected to heat denaturation. The susceptibility to heat inactivation 
can sometimes provide insights into the stability of isozymes in vivo 
(Shaklee, 1975). 
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Figure 9. Duplicate Ldh-A locus expression in muscle and 
stomach of Cycleptus elongatus. The isozyme pattern 
of the skeletal muscle is a binomial one and consistent 
with free access and random assembly of both subunit 
types. Although the same LDH loci are approximately 
equally expressed in stomach the substantial reduction 
in the number of expected heteropolymers is consistent 
with the expressions of the two loci being spatially 
restricted to different cell types. 
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DIFFERENTIAL LDH-A GENE 
EXPRESSION IN 
Cycleptus elongatus 
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In order to gain a better understanding of the developmental and 
genetic basis of the non-binomial LDH isozyme pattern of the stomach, 
we followed the change in expression of the duplicate LDH-A genes in 
representative regions of the digestive tract. The results are shown 
1 2 
in Figure 10. The A locus expression predominates over the A locus 
1 2 
expression in the esophagous and anterior stomach, and the A,A and 
1 2 
A_A_ heteropolymers are present in these tissues in levels higher than 
2 
that of the A. isozyme; a pattern more consistent with differential LDH 
gene function than differential lability of the heteropolymers. In the 
midstomach and posterior stomach, however, both homotetramers are present 
but the heterotetramers are not. As one progresses along the upper and 
2 
lower intestines, there is a progressive decline in the A, isozyme 
levels until only the A, isozyme is detected. The air bladder, a 
derivative of the esophagous, also has only A, activity. 
2. Ratios of Activity of Duplicate Gene Products Among Tissues 
A simple but powerful procedure has been developed recently by 
Klebe (1975) to quantitate the relative activity contributions of each 
of the isozymes, and thus the ratios of the different subunits, and by 
inference the relative expressions of the duplicate genes. An 
illustration of the application of Klebe's procedure is shown in 
Figure 11. The homodimeric isozymes encoded in the duplicate GPI-A 
loci of Catostomus commersoni differ in the ratio of their activities by 
approximately a factor of five serial one-half dilutions. Therefore 
they are present in the approximate ratio of 32:1 and since the two sub-
units are assembling randomly, the ratio of the two subunit types 
contributed by all isozymes is SQUARE ROOT (32/1), or 5.67:1. Repetition 
of the Klebe dilution procedure for several tissues in several enzymes 
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Figure 10. Differential expressions of duplicate LDH-A loci 
in different regions of the digestive tract of 
Cycleptus elongatus. The presence of heterotetramers 
in the anterior portion of the stomach and their 
absence in the middle portion of the stomach is more 
consistent with spatial isolation of A subunit 
synthesis. 
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DIFFERENTIAL LDH-A GENE EXPRESSION 
IN THE DIGESTIVE TRACT OF 
Cycleptus elongatus 
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Figure 11. An illustration of the serial dilution to visual end 
point dilution method of Klebe, 1975. The A_ isozyme 
of Catostomus commersoni is last dected five serial 
2 
one-half dilutions after the A„ isozyme is last 
detected. Therefore there is approximately 32 times 
1 2 
more activity in the A_ homodimer than the A- homodimer. 
DUPLICATE GPI-A LOCUS EXPRESSION 
IN BRAIN OF 
Catostomus commersoni 
4 8 16 32 64 128256512 
Serial Dilution to Visual Endpoints 
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and species gave the same results with only slight variation. A 
comparable low degree of variation is assumed to hold for the other 
tissues, enzymes, and species. An indication of the low variance of the 
ratios of duplicate gene expression among individuals within a species 
is shown in Figure 12. Samples of brains from 13 individuals of C. 
cyprinus were analyzed for the relative expressions of duplicate GPI-A 
loci. Two of these individuals were heterozygous at one of the 
duplicate loci. Although total GPI activity varies somewhat from 
individual to individual, perhaps due to variation in the efficiencies 
of homogenization, the relative staining intensities of the different 
isozymes remain nearly the same, as presumably do the ratios of duplicate 
gene expression. In those cases where the ratios varied, as in slots 5 
and 11, it was less than a factor of two. A more typical example of the 
low level of intraspecific variation in the relative expression of 
duplicate loci is shown for Catostomus plebeius. The CK-B loci are 
normally expressed equally in brain. The CK-B isozyme patterns of eleven 
individuals shown In Figure 13 are in an approximate 1:1 ratio with 
little detectable variation. 
The ratios of activities of the isozymes encoded in duplicate loci 
among the different tissues of 15 species are shown in the Appendix. 
Usually the same 10 tissues were analyzed in each species except Xyrauchen 
texanus, where spleen was omitted because it was too small to recover 
sufficient enzyme activity. A total of 15 different enzymes (15 pairs of 
duplicate loci) were studied altogether. However, different numbers and 
combinations of these duplicate locus sets were examined within each of 
the species. An average of 8 enzymes (8 duplicate locus sets) were 
studied for each species. Usually less than the maximum possible 15 
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Figure 12. The ratios of expression of duplicate GPI-A loci 
in brain tissue of 13 individuals of Carpiodes cyprinus. 
Although there is some variation in the total GPI 
activity among the individuals, the relative ratio 
1 2 
of activities of the A„ and A_ isozymes is 
approximately 1:4 in most individuals. 
VARIATION IN GPI-A ACTIVITY 
WITHIN A POPULATION OF 
Carpiodes cyprinus 
- 4 * m * «* 
I 2 3 4 5 6 7 8 9 10 II 12 13 
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Figure 13. The ratios of duplicate CK-B isozymes in brain 
tissue of 11 specimens of Catostomus discobolus. 
There is little intraspecific variation from a 1:1 
ratio of activity of the homopolymeric isozymes. 
VARIATION IN CK-B ACTIVITY 
WITHIN A POPULATION OF 
Catostomus plebeius 
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enzymes could be examined for each species because duplicate gene 
copies were lost for different enzymes in different species. In some 
instances a duplicate locus set was not studied because the isozymes were 
not adequately resolved. Both the original ratios of gene activities 
and the log transformation of these ratios are given. A (-) prefix in 
the log values indicates that the less anodally migrating homopolymeric 
isozyme predominated in expression over the more anodal isozyme. Blanks 
in the "cells" indicate that no isozyme activity was detected. The 
average of the ratios for each tissue and each enzyme are also shown 
for the 15 species. 
3. The Distribution of Ratios of Duplicate Gene Expression 
Among Tissues 
The ratios of subunits encoded in duplicate genes were examined for 
a total of 864 tissues among the 15 species. The distribution of these 
ratios is given in Table 1, and their frequencies illustrated in 
Figure 14. Nondivergent expression only constitutes 41% of all 
observations but is the most frequently encountered outcome compared to 
any individually divergent ratio. The majority, 59%, of all duplicate 
gene sets shows some degree of divergence of duplicate gene expression 
within tissues. 
The relative frequencies of the three categories of divergence were 
determined for the 15 species. These data are shown in Table 2. Non-
divergent expression among all tissue is present 14% of the time, Uni-
directionally divergent 67%, and Bidirectionally divergent, 19%. 
The extent of divergence of duplicate gene expression among tissue 
was then examined in more detail within the Unidirectional category. 
For a given enzyme, the fraction of tissues was determined which showed 
Table 1 
Distribution of Activity Ratios of Subunits Encoded in 
Duplicate Genes in All Tissues for 15 Enzymes and 15 
Species 
Ratios of 
Duplicate 
Gene Expression 
1:1.00 
1:1.19 
1:1.41 
1:1.68 
1:2.00 
1:2.38 
1:2.83 
1:3.36 
1:4.00 
1:5.66 
1:8.00 
1:11.31 
1:16.00 
1:32.00 
Log (ratio) 
0.00000 
0.0753 
0.1505 
0.2258 
0.3010 
0.3763 
0.4515 
0.5268 
0.6020 
0.7526 
0.9031 
1.0536 
1.2041 
1.5052 
Number of 
Duplicate 
Locus Sets 
354 
6 
114 
8 
115 
5 
82 
11 
80 
41 
17 
3 
27 
1 
Total 864 
Subunit 
Number* 
D, 
T 
D, 
T 
D, 
T 
», 
T 
D, 
D 
D, 
D 
D, 
M 
M, T 
T 
M, T 
T 
T, M 
M 
T 
M = monomers, D = dimers, T = tetramers. The subunit types for a 
specific ratio are listed in order of decreasing number of 
observations. 
Mean ratio of divergence for all classes = 1;1.85. 
Mean ratio of divergence for divergent classes only = 1:2.83. 
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Figure 14. The numbers of duplicate gene sets of each of the 
series of given ratios. These data are obtained 
for duplicate gene expressions in a total of'864 
tissues examined for 15 species and 15 enzymes. 
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Table 2 
The Distribution of Nondivergent (A), Unidirectionally Divergent (B), and Bidirectionally 
Divergent Categories (C) of Duplicate Locus Expression in Tissues of Each Catostomid Species^ 
Species 
C. elongatus 
I. bubalus 
C. cyprinus 
E. sucetta 
E. oblongus 
E. tenuis 
M. melanops 
M. duquesnei 
M. erythrurum 
H. nigricans 
C. commersoni 
C. catostomus 
C. discobolus 
C. brevirostris 
X. texanus 
Totals 
Number of 
Duplicate ! 
13 
11 
10 
6 
8 
6 
7 
7 
6 
7 
8 
9 
8 
9 
10 
125 
Sets 
A category - all tissues show 
B category - 1 or more tissues 
A 
Number 
3 
7 
2 
0 
0 
0 
0 
0 
0 
0 
0 
2 
1 
1 
_1 
17 
% 
23 
64 
20 
0 
0 
0 
0 
0 
0 
0 
0 
22 
13 
11 
10 
14% 
1:1 ratio for a given 
show a departure from 
Categories 
B 
Number 
7 
3 
6 
5 
5 
5 
6 
6 
5 
5 
6 
5 
6 
7 
_7 
84 
enzyme 
a 1:1 ratio, 
% 
54 
27 
60 
83 
63 
83 
86 
86 
83 
71 
75 
56 
75 
78 
70 
67% 
with the same 
C 
Number 
3 
1 
2 
1 
3 
1 
1 
1 
1 
2 
2 
2 
1 
1 
_2 
24 
isozyme pre-
% 
23 
9 
20 
17 
37 
17 
14 
14 
17 
29 
25 
22 
12 
11 
20 
19% 
to 
CO 
dominating in each case, 
category - 2 or more tissues showing a departure from a 1:1 ratio, with one isozyme pre-
dominating in some tissues, the other predominating in other tissues. 
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nonequivalent expression of duplicate genes in an individual; e.g. 1/8 
of the tissues show divergent expression in Figure 2 for MDH-A, and 8/9 
tissues for GPI-A in Figure 4. The numbers were converted to decimal 
equivalents, and the frequency of "sets" showing increasing proportions 
of tissues with divergent ratios is shown in Figure 15a. Three peaks 
are seen, and these are largely accounted for by contributions of enzymes 
with different subunit numbers. The peak in the .11-.20 range is due 
mostly to the monomer, AK, the peak in the .41-.50 range by the various 
dimeric enzymes, and a third of the .81-1.0 peak by the tetramers lactate 
dehydrogenase and aldolase. As we shall show later, AK isozymes tend to 
be nondivergent, and LDH isozymes highly divergent. To what extent these 
levels of divergence are a function of subunit numbers or are properties 
of these particular enzymes remains to be elucidated. Is there an 
association of the magnitude of divergence of duplicate gene expression 
within a tissue with the magnitude of divergence that one sees among 
tissues? Only those tissues were included which showed divergent ratios 
among all the enzymes and species. The average ratio of duplicate gene 
expressions was determined for each of the tissues for each 0.1 interval 
in Figure 15a. These averages are plotted in Figure 15b. It is apparent 
that there is an increase in divergence within tissues as there is an 
increase in the extent of divergence among tissues. Generally a species 
exhibiting considerable divergence in gene expression among its tissues 
will for the same enzyme show high degrees of divergence of gene 
expression within tissues. 
We also investigated whether the most anodal or less anodally 
migrating isozyme of each duplicate set was predominant in its expression 
in a given tissue. We found that in 320 tissues the more anodally 
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Figure 15. The extent of divergence of duplicate gene expression 
among tissues in the Unidirectionally divergent 
category. 
(a) The horizontal axis represents the fraction of 
tissues in which the duplicate genes were differentially 
expressed for all the enzymes in the 15 species of 
catostomids. The vertical axis indicates the number 
of times a particular fraction of tissues exhibited 
a pattern of differential gene expression. 
See the text for a discussion of the relative 
contributions of monomeric, dimeric, and tetrameric 
enzymes in the peaks. 
(b) The average ratio of duplicate gene activities 
in each tissue for those tissues with divergent 
expression for each of the intervals (fraction of 
tissues with divergent expression) in (a). 
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migrating product predominated, and in 190 tissues the less anodally 
isozyme predominated, over all enzymes and species. The difference from 
the expected equal distribution is highly significant with a chi-square 
test (df = 1, chi-square = 33.1, p < .001). 
4. Quantitation of the Extent of Divergence Within and 
Among Tissues 
As was mentioned earlier, 597, of the tissues over all species and 
enzymes have some degree of divergence of duplicate gene expression. 
From Table 1 it is calculated that the average ratio of divergence, when 
there is a commitment to divergence, is 1:2.83. The average extent of 
divergence of all duplicate gene expressions including divergent and 
nondivergent is 1:1.85. The extent of divergence of duplicate gene 
expression was then determined for the different species, enzymes and 
tissues. Both divergent and nondivergent ratios were included in the 
averages. 
The average divergence of duplicate gene expression in all tissues 
for each species is given in Table 3. The species with least divergence 
was the morphologically primitive Ictiobus bubalus and the species with 
the most divergence was the relatively morphologically advanced 
Catostomus discobolus. There was little correspondence, however, with 
degree of divergence of gene expression and the taxonomic rank for the 
remaining species. One measure of taxonomic rank, or primitiveness, is 
the number of duplicate genes which have been retained (Ferris and Whitt, 
1978a). A Wagner tree constructed from complete losses of duplicate gene 
expression reveals a general trend for morphologically primitive species 
to retain the most functional duplicates, and advanced species the least 
(Ferris and Whitt, 1978a). The percent gene duplication is also shown in 
Table 3 
Average Divergence of Duplicate Gene Expression for All 
Enzymes and Tissues in 15 Species of Catostomids 
Species 
% Duplicate 
Genes Expressed 
Ratio of Divergence 
of Duplicate Genes 
CYCLEPTINAE 
Cycleptus elongatus 
ICTIOBINAE 
Ictiobus bubalus 
Carpiodes cyprinus 
CATOSTOMINAE 
Erimyzon sucetta 
Erimyzon oblongus 
Erimyzon tenuis 
Minytrema melanops 
Moxostoma duquesnei 
Moxostoma erythrurum 
Hypentelium nigricans 
Catostomus commersoni 
Catostomus catostomus 
Catostomus discobolus 
Chasmistes brevirostris 
Xyrauchen texanus 
65 
60 
55 
45 
45 
35 
35 
35 
35 
35 
50 
45 
40 
45 
50 
2.03 
1.18 
2.02 
1.88 
1.70 
1.52 
1.64 
1.99 
1.55 
1.79 
2.08 
2.12 
2.37 
2.01 
1.80 
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Table 3. A regression of this variable against the ratio of divergence 
showed essentially no correlation (r = 0.02). 
There does appear to be a correlation of the divergence of duplicate 
gene expression with taxonomic divergence when homologous enzymes are 
compared among species. For 6 species pairs we compared corresponding 
tissues for each enzyme, and calculated the difference in log (ratio) of 
divergence. These differences were summed over all enzymes in the 
species, and divided by the total number of tissues compared. The mean 
ratio will be referred to as the "index of divergence," and these indices 
are shown in Table 4. Species within a genus have similar patterns of 
divergence. More distantly related species show greater differences in 
their extent of divergence of their duplicate gene expression. The more 
genetically distant a species pair is, the more likely they are to differ 
in their patterns of duplicate gene expression. 
The average level of divergence of duplicate genes for each of the 
15 enzymes is shown in Table 5. These enzymes have been ranked from the 
least divergence in duplicate gene expression, CK-A, to the most divergent, 
GPI-A. A comparison was made of the extent of divergence of expression 
for isozymes encoded in duplicate loci formed by ancient gene duplications 
prior to the origin of the teleosts (e.g. LDH-A,Bj CK-A,B; MDH-A,B; and 
GPI-A,B). There is some slight support of coupling of the extent of 
divergence within more recent duplications of these genes (by tetraploidy 
in the catostomids) and the extent of divergence among the ancient 
multilocus genes. MDH-A and B duplicate locus sets have similar extents 
of divergence, as do LDH-A and B sets as shown by their close proximity 
in the list of Table 5. However, the duplicate GPI-A and B and CK-A and 
B loci appear to behave relatively independently in their extent of 
divergence. 
Table 4 
Extent of Divergence with Increasing Taxonomic Distance 
Taxonomic Comparison 
Number of 
Shared 
Tissues 
Index of 
Divergence* 
Between species 
Moxostoma duquesnei vs. 
M. erythrurum 
Erimyzon sucetta vs. 
E. oblongus 
Between subgenera 
Catostomus catostomus vs. 
C. discobolus 
Between genera 
Ictiobus bubalus vs. 
Carpiodes cyprinus 
Between tribes 
M. duquesnei vs. C_. catostomus 
Between subfamilies 
Cycleptus elongatus vs. 
Minytrema melanops 
49 
40 
67 
44 
58 
32 
1.47 
1.52 
1.76 
1.63 
2.05 
2.74 
Difference in inverse log (ratios) for homologous enzymes and 
corresponding tissues. 
Table 5 
Divergence of Duplicate Gene Expression for Different 
Enzymes Averaged Over 15 Species 
Number Ratio of Average Hetero- % Genie 
of Duplicate Gene zygosity,* Diploidization 
Enzyme Tissues Expression Hd in 30 Species 
Ck-A 
Acp 
Ak-A 
Sod 
6Pgd 
Gpi-B 
Mdh-A 
M-mdh 
Mdh-B 
Ald-C 
G3pdh 
Ck-B 
Ldh-B 
Ldh-A 
Gpi-A 
4 
18 
105 
143 
82 
30 
82 
136 
7 
6 
6 
38 
88 
10 
109 
1.00 
1.02 
1.24 
1.46 
1.49 
1.52 
1.62 
1.99 
2.10 
2.18 
2.38 
2.40 
2.59 
2.73 
3.35 
0 
0 
.033 
.043 
.053 
.197 
.006 
.024 
.083 
0 
.023 
0 
0 
0 
.132 
83 
87 
20 
0 
13 
37 
33 
10 
73 
77 
53 
0 
33 
97 
10 
Based on a somewhat larger number of species. 
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The question of whether divergence of duplicate gene expression is 
related to functional or structural properties of the enzymes encoded in 
the duplicate genes was also investigated. Monomeric and tetrameric 
enzymes were too infrequent to test whether there is a correlation of 
extent of divergence of an enzyme and its subunit number. However, the 
extent of divergence of duplicate gene expression was compared with the 
subunit molecular weight of an enzyme. A regression of extent of 
divergence of an enzyme among the 15 species in Table 5 with the subunit 
molecular weights of the enzymes given in Hopkinson et jil. (1976) showed 
essentially no correlation (r = 0.10). 
An important property of an enzyme is the extent of polymorphism and 
heterozygosity of the gene(s) encoding it. Is there a relationship 
between the extent of divergence of expression of duplicate loci and 
the average heterozygosity of these loci? The average heterozygosity of 
the duplicate loci (Table 5) was determined from 19 species of catostomids 
in Chapter V. Sample sizes were too small to generate heterozygosity 
estimates for enzymes in three species in this analysis. Therefore enzyme 
heterozygosity estimates were based on a somewhat larger sample of species 
for a more reliable indication of genetic variability. No correlation 
exists between heterozygosity and extent of divergence of gene expression 
(r = 0.12). As a partial control, we repeated the analysis but employed 
the heterozygosity values of Avise (1977) for diploid cyprinids for the 
nine enzymes which were used in both our studies. An even lower 
correlation was observed (r = 0.04). 
Some of the more highly divergent patterns of duplicate gene 
expressions encountered could be the consequence of duplicate genes 
which are about to be eliminated entirely in their expression in all 
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tissues. If increasing divergence of duplicate gene expression is a 
prelude to loss of the gene function in all tissues, then there should 
be a correlation of this variable for an enzyme and the percent of species 
in which the same enzyme has already undergone genie diploidization. The 
percent of 30 species from Ferris and Whitt (1978a) and Chapter III of this 
thesis which have lost duplicate gene expression is given for each enzyme 
in Table 5. We found little correlation of divergence of duplicate gene 
expression and extent of diploidization (r = 0.13). Although null 
mutations at regulatory genes would be expected to account for some 
diploidization events, we don't know the relative contributions of these 
mutations and the lesions at structural genes to the overall diploidization. 
Regulatory mutations, as we shall show later, probably are responsible 
for most of the differential expression of duplicate genes in tissues. 
The metabolic function of an enzyme could conceivably be related to 
the extent that the duplicate genes encoding its isozymes have diverged 
in their expression among tissues. Glycolytic enzymes might be expected 
to be the most conservative in their ability to undergo changes in 
differential expression of recent duplicate genes. The physiological 
function and interaction of these glycolytic enzymes has been established 
for billions of years. In our sample of 15 enzymes, we recognized acid 
phosphatase, superoxide dismutase, creatine kinase A and B, and adenylate 
kinase as nonglycolytic or external substrate utilizing enzymes, and the 
remainder of the enzymes as glucose metabolizing. Contrary to our 
expectations, the average extent of divergence over all tissues and species 
for glucose metabolizing enzymes (1:2.2) was significantly higher than for 
nonglucose metabolizing enzymes (1:1.42) (t = 4.58, df = 13, p < 0.001). 
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One other measure of an enzyme functional specialization is the 
extent to which it is expressed in a number of differentiated cell types. 
Less specialized enzymes should generally be expressed in a greater 
array of tissue types. One or both copies of recently duplicated genes 
tend to be expressed in the same tissues as the single enzymes found in 
diploids. The enzymes were ranked from the least divergent to the most 
divergent as in Table 5, and as seen in Table 6, there was no strong 
correlation of extent of divergence of the duplicate gene expression 
and the number of tissues in which the enzyme activity predominates 
(r = 0.31). 
It is well known that some enzymes are expressed in a few tissues 
and some enzymes in most tissues. In addition, multilocus isozymes such 
as LDH-A, and LDH-B, can predominate in quite different tissues. It was 
proposed, as working hypothesis, that the divergent expressions of the 
duplicate loci in catostomids represent an early stage in the evolution 
of the tissue specificity of isozyme expression. We analyzed 10 tissues 
among the 15 species for the average extent of divergence of duplicate 
genes within them. The results are shown in Table 7 and the tissues are 
ranked from least divergent duplicate gene expression (top) to the most 
divergent duplicate gene expression (bottom). Brain is the most con-
servative with respect to divergent ratios of gene expression (1:1.47) 
and liver is the most divergent (1:2.29). The variances of each of the 
ratios are given in the last column to the right of Table 7. In general, 
the variances are large and are similar to the means. This is expected 
in view of the discontinuous categories used in the analysis, and their 
membership in a geometric series. Nevertheless, several t tests were 
performed to gain some understanding of the significance of the observed 
Table 6 
Extent of Tissue Restriction of the Enzymes 
Fraction of Tissues 
^ in which the Enzyme 
Enzyme is Expressed 
Ck-A 
Acp 
Ak-A 
Sod 
6Pgd 
Gpi-B 
Mdh-A 
M-mdh 
Mdh-B 
Ald-C 
G3pdh 
Ck-B 
Ldh-B 
Ldh-A 
Gpi-A 
0.20 
0.90 
0.96 
0.96 
0.92 
0.34 
0.92 
0.98 
0.12 
0.20 
0.10 
0.26 
0.81 
1.00 
0.92 
Ranked in order of increasing divergence of duplicate 
gene expression. 
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Table 7 
Divergence of Duplicate Gene Expression Among Different 
Tissues 
Stage of 
Number of Ratio Standard Appearance in 
Tissue Tissues Examined Deviation Development* 
Brain 
Eye 
Muscle 
Gill 
Gonad 
Kidney 
Heart 
Stomach 
Spleen 
Liver 
104 
103 
68 
84 
84 
103 
87 
78 
77 
76 
1.47 
1.72 
1.73 ' 
1.81 
1.83 
1.90 
1.91 
1.96 
2.10 
2.29 
1.80 
1.91 
2.08 
1.83 
1.94 
2.11 
2.38 
2.02 
2.15 
2.19 
14 
15 
17 
23 
— 
15 
17 
--
— 
24 
From Long and Ballard (1976) for Catostomus commersoni. 
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differences among tissues. As might be expected, the extremes, brain 
and liver, are highly significantly different in their average extents 
of divergence of duplicate genes (t = 4.29, df = 1.78, p < 0.001). Brain 
versus heart is still significantly different, but less so (t = 2.67, 
df = 205, p < 0.01). Differences on the order of brain versus eye, 
however, are not significant (t = 0.675, df = 205, p = 0.50). 
Some of the differences between tissues could be the consequence of 
enzyme interaction effects. To what extent does the tissue predominance 
(or ubiquity) of an enzyme influence the analysis of the duplicate gene 
expression of its Isozymes? First, the ratios of isozymes could be 
determined for several tissues even in the cases of highly tissue specific 
enzymes. Secondly, inspection of Table 5 reveals that the brain pre-
dominating enzymes (GPI-A, ALD-C, CK-B) and muscle predominating enzymes 
(CK-A, GPI-B, NDH-B, G3PDH, and LDH-A) are randomly distributed through-
out the list, suggesting no strong effects due to the tendency of these 
isozymes to be restricted in tissue distribution. 
After ranking the tissues in order of the divergence of their 
duplicate gene expression we attempted to find developmental and physio-
logical correlates with these different degrees of duplicate gene 
divergence in these tissues. 
If, in a sense, "ontogeny recapitulates phylogeny," it might be the 
case that tissues and organs which appear first in development are more 
basic to the development and physiology of the organism and perhaps least 
changed from the tissues in the ancestral forms. Patterns of gene 
expression might also be more conservative within these tissues. The 
ontogenetic sequence of the morphogenesis of these tissues is available for 
one catostomid, Catostomus commersoni (Long and Ballard, 1976), and to a 
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lesser extent for Erimyzon sucetta (Shaklee et al., 1974). The develop-
mental stages at which these tissues are first recognizable for C. 
commersoni are given in Table 7. Interestingly, brain and muscle, which 
have low ratios of duplicate gene divergence within them, appear earlier 
than gill or liver, which have more divergent ratios. Stomach tissue, 
although not listed, also tends to appear later in development and 
coincides with the absorption of the yolk sac (Armstrong and Child, 1965). 
This tissue is also characterized by highly divergent duplicate gene 
expression. 
Perhaps the ability to evolve a new ratio of activity of duplicate 
genes among tissues is in part related to the degree of metabolic 
homeostasis of the tissues and the level of metabolism of the cells in 
these tissues. A summary of the results from two different laboratories 
are shown in Table 8. One study shows the degree of mitotic activity in 
rat tissues as measured by the uptake of labelled thymidine, the other 
study shows the rate of total protein turnover in a number of tissues 
from rats. The tissues studied were at a steady state so that the rates 
of synthesis are equal to the rates of degradation. Muscle, brain, and 
heart are characterized by essentially no cell division, and low synthesis 
and turnover of proteins. These are the same tissues with low levels of 
divergence of duplicate gene activities. In contrast, kidney, spleen, 
and liver show high mitotic activity, high protein synthesis and turnover 
as well (Table 7) as more divergent ratios of duplicate gene expression 
in catostomids. The possible contributions of differential synthesis and 
degradation of duplicate gene products to the isozyme patterns in the 
various tissues will be discussed later. 
Table 8 
A Comparison of Enzyme Catabolism and Levels of 
Mitosis in Different Rat Tissues 
Tissue 
Skeletal muscle 
Brain 
Heart 
Kidney 
Spleen 
Liver 
Radioactive 
Index* 
0 
0 
0 
4.0 
— 
0.8 
Protein 
Turnover** 
3.27 
4.13 
4.65 
8.07 
10.81 
11.40 
•k 
A measure of extent of mitosis, from Schultze and 
Oehlert (1960). 
Based on H: C ratio after 10 days, Table 1 in 
Don and Masters (1976). 
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5. Probable Times of Appearance of Specific Patterns of 
Duplicate Gene Expression in Phylogeny 
One advantage of studying patterns of gene expression among species 
of many genera is that one can investigate how these different patterns 
of gene expression have diverged, and the lability or stability of these 
patterns over time and repeated speciations. In much the same manner as 
determining the probable time of a loss of a duplicate gene expression 
the probable times of appearance of several patterns of duplicate gene 
expression in catostomid phylogeny could be determined. A phylogeny 
of catostomids, based primarily on morphology, is given in Figure 16. 
A discussion of the systematic relationships of the catostomids is given 
in Chapter III of this thesis. 
In the primitive species of Cycleptus and Ictiobus the ancestral 
condition of two CK-A genes has been retained and these genes have not 
diverged in their expression among or within tissues. However, the CK-B 
genes have been retained in more genera and have undergone substantially 
more divergence in their expression than have CK-A genes. The distinctive 
pattern of differential expression of duplicate CK-B genes was shown in 
Figure 7. This distinctive pattern appears in 8 of the 15 species. In 
fact, this characteristic pattern of duplicate gene expression is shared 
by species which are rather distantly related, e.g. Carpiodes cyprinus 
(Figure 7) and Catostomus discobolus (Figure 17). The pattern of 
differential CK-B gene expression (characterized by equal activity of 
the duplicate copies in brain, and the predominance of the B locus in 
2 
eye) is found in 14 of the 15 species. A slight predominance of the B 
occurs in E. oblongus. Furthermore, 7 of the 15 species have no 
detectable CK-B gene expression in heart. This absence of CK-B activity 
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Figure 16. Phylogeny of the catostomids based on morphological 
criteria. The 15 species included in the present 
analysis are indicated with a (+). The probable 
points of origin of specific patterns of differential 
tissue expression for four enzymes are indicated on this 
tree. The characteristic pattern of differential 
duplicate Ck-B locus expression probably arose shortly 
after the initial polyploidization; before the first 
speciation events. The establishment of the differential 
expression of GPI-A isozymes probably occurred early 
in the evolution of the Catostominae. Specific patterns 
of differential Mdh-A expression appeared independently 
in a number of lineages, and two of these are shown. 
M-mdh shows specific patterns in many instances, and 
as an example, three of these are shown in the genera 
of Moxostoma and Hypentelium. 
Cycleptus Ictiobus Carpiodes 
a CYCLEPTINAE 
b ICTIOBINAE 
C CATOSTOMINAE 
1 C k B 
2 Gpi-A 
3 Mdh-A 
4 M-mdh 
to 
253 
Figure 17. Differential expression of duplicate CK-B loci in 
Catostomus discobolus. The patterns of duplicate 
Ck-B locus expression in heart, eye, and brain of 
this species is similar to that pattern shown in the 
same three tissues of Carpiodes cyprinus in Figure 7; 
a quite distantly related species. 
CREATINE KINASE ISOZYMES OF 
Catostomus discobolus 
0 ! 
^B'B1 
-B 'B 2 
2 D 2 B'B 
- A , 
0-* -
0 
_^^_ __gj^ ^^^ . ^ ^ ^ ^ ^•illfei'' ^ ^ ^ ^ } ddHlHk dMfafek j^gun^ ' 
^gp^^ ^^^^p »f|B^^ ? ^ ^ ^ ^BP^F ^^^^m4 ' W W ^ ^^WI^P *^^^w 
^JSitSal , * * w i ^ A ^ ^v^lsJ^ia^&V'u. rJ jaL '^ .* 
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in heart of some species suggests still another level of regulatory 
control of duplicate gene expression. Lack of any CK-B gene expression 
in heart probably represents loss of function in these 7 species rather 
than the acquisition of CK-B activity in the heart of the remaining 8 
species since diploid cyprinids also have CK-B activity in heart (un-
published data). Although the patterns of CK-B duplicate gene expression 
in heart, eye, and brain could have been arrived at independently by 
convergence in separate lineages, it is more probable that the specific 
patterns arose soon after polyploidization and were distributed in many 
lineages through subsequent speciation events. 
The GPI-A pattern of duplicate gene expression also arose early in 
phylogeny but probably later than the origin of the CK-B pattern. Two 
GPI-A loci are expressed in catostomids except in the species of the genus 
Erimyzon. Two patterns of duplicate gene expression are found in the 
1 2 primitive catostomids. The first is equal expression of A and A in all 
2 
tissues of Ictiobus, and the second the predominance of A locus expression 
in all tissues of Carpiodes. In the subfamily Catostominae the A locus 
2 
expression predominates over the expression of the A locus. This 
2 
pattern could have arisen as a structural mutation leading to reduced A 
subunit activity in the line leading to the Catostominae. Alternatively, 
1 2 
there could be lower levels of A subunits than A subunits in the species 
of the Catostominae. 
A situation similar to that for GPI-A is found also for MDH-A. How-
ever, in the case of the latter isozyme system, different paths of 
divergence appeared even later, within the Catostominae. The line 
leading to the closely related genera Moxostoma and Hypentelium has the 
2 
Mdh-A locus predominating in its expression in many of the tissues, 
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whereas the Mdh-A locus predominates in its expression in the line 
leading to the closely related genera of Catostomus, Chasmistes, and 
Xyrauchen. Furthermore, these two lines are distinguished by the equal 
expression of the duplicate loci in heart in the first line, and their 
unequal expression in heart in the second line. 
Mitochondrial MDH patterns have evolved species specific patterns 
in a number of species. Examination of the Appendix for Moxostoma 
erythrumum, M. duquesnei, and Hypentelium nigricans reveals that these 
duplicate genes have diverged in their ratios of expression to varying 
extents in different tissues. The mitochondrial MDH loci are expressed 
in heart in a ratio of 1:2 in M. duquesnei. 1:1 in M. erythrurum and 
1:1.41 in H. nigricans. These loci expressed in gill have a 1:1 ratio 
in H. nigricans, and divergent ratios in the other species. Other species 
in the Catostomidae also show different patterns of divergence of mito-
chondrial MDH expression among the tissues. Interestingly, these loci 
are expressed equivalently in 11 of the 15 species. 
Lactate dehydrogenase-A remains duplicated in only one species, the 
primitive C. elongatus. As shown in Figure 6 considerable divergence in 
the expression of the LDH-A loci occurred within and among tissues in 
this species over 50 million years. In the case of the related duplicate 
LDH-B, the commitment to diverge appears to have occurred rather early. 
All extant catostomids have highly divergent duplicate LDH-B patterns 
1 2 
with B isozymes predominating in some taxa, the B in others. It is 
difficult to discern any evolutionary patterns, and it is likely that 
many of the specific patterns arose independently and later in phylogeny 
in different taxa. One consistent feature in all the taxa is that the 
two B loci are always highly divergent in spleen, and frequently only one 
gene product was detectable. 
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The probable points of phylogenetic origin of four of the enzyme 
systems discussed above are shown in Figure 16 for CK-B, GPI-A, MDH-A 
and mitochondrial MDH. The latter two enzymes have evolved more species 
specific patterns than indicated among the species, and only a few 
patterns are included to illustrate the point that patterns of 
differential gene expression are probably continuing to be formed and 
to diverge. 
D. Discussion 
The catostomid fishes have lost the expression of half their dupli-
cate genes in the 50 million years since their origin by polyploidization. 
We have found that for those duplicate genes which have been retained, a 
majority (59%) have evolved differential expressions within differentiated 
tissues. Determination of the relative contribution of isozyme subunits 
encoded by each of the duplicate genes by electrophoretic and histo-
chemical staining procedures has allowed us to estimate the degrees of 
divergence of tissue expression of duplicate genes. When we studied the 
amount of divergence for all duplicate loci within tissues, for 15 
enzymes and 15 species, we find that the average ratio of duplicate gene 
expressions was 1:1.8. Furthermore, about 60% of all the tissues showed 
nonequivalent expression of duplicate genes. The average ratios of gene 
expression for duplicate loci, which have diverged, was 1:2.8. The 
distribution of the gene expression, i.e. the number falling in the 
categories of 1:1, 1:2, 1:4, etc. in Table 1, is suggestive of a "decay" 
process from the nondivergent state, that is, there are progressively 
fewer and fewer instances of more highly divergent ratios of duplicate 
gene activity. For the remainder of this discussion, we will use the 
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term "divergent ratio" to indicate nonequivalent ratios of activity of 
subunits encoded by duplicate genes within a given tissue. The underlying 
mechanism responsible for the distribution in Table 1 is unknown. How-
ever, two processes could be contributing to the divergence of the ratios. 
First, some of the divergent ratios could be brought about by structural 
gene changes altering catalytic efficiency or lability of one of the sub-
units. Lesions at structural genes may have contributed to a small 
extent and will be discussed later. Second, and most important, is the 
accumulation of mutational differences at regulatory gene loci. The 
model for gene regulation in eukaryotes of Britten and Davidson (1969) 
specifies that each structural gene is regulated by a number of regulatory 
genes which are in a hierarchical relationship to one another. Wallace 
and Kass (1974) have also proposed multiple regulatory elements for each 
structural gene. A detailed proposal for how multiple regulatory genes 
can evolve developmental specificity has been provided by Zuckerkandl 
(1978). The duplication and subsequent divergence of these regulatory 
genes has been postulated to be a rich source of evolutionary novelty, 
at the level of control of gene expression (Ohno, 1970; Britten and 
Davidson, 1971) as well as morphological change (Ohno, 1970; Flickinger, 
1975). 
Polyploidy results in the duplication of the entire genome, which 
means that all regulatory genes are doubled as well as structural genes. 
In only 50 million years, the nucleotide sequences of some of the 
regulatory genes may not have accumulated sufficient differences to bring 
about divergence of regulation. Alternatively, sequence differences 
exist but they are "neutral" and there is no alteration of the ratio of 
duplicate gene expression in tissues as seen in some catostomids. One 
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might expect that over a period of 50 million years that many regulatory 
genes will have accumulated at least a few nucleotide substitution 
differences which would result in differential transcription of a 
duplicate gene. In rare instances, as seen in Table 1 for the low 
frequencies of highly divergent ratios, a crucial single mutation 
(analogous to homeotic mutants affecting many aspects of morphology in 
Drosophila) could result in very divergent ratios, but in most instances 
such extreme divergence may be the consequence of a number of mutations. 
Our data indicate that divergence within a tissue can occur 
independently from divergence in another tissue. This observation taken 
together with the considerable heterogeneity observed among tissues in 
their divergence over many species, suggest that tissue divergence of 
duplicate gene expression is a multiple hit process. Yet, we will 
shortly present data that the effects of these "hits" may be different 
in various tissue types. Each type of tissue is thought to have different 
concentrations of effector molecules (which activate regulatory genes) 
with different affinities for different regulatory elements. Varying 
thresholds of effectors could be present in each tissue and determine the 
degree of transcription of a duplicate gene. Several models have pre-
viously been described incorporating this idea (Britten and Davidson, 
1969; Whitt et al., 1977; Zuckerkandl, 1978). In the case of some 
duplicate regulatory genes the accumulation of some nucleotide sub-
stitutions will lead to a complete loss of a duplicate gene expression 
in all tissues of an organism, or genie diploidization (Ferris and Whitt, 
1978a). 
It was particularly informative to compare the tissues in which an 
enzyme is expressed within a species. For each enzyme, these tissues 
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constitute a "set" within the species, e.g. heart, eye and brain for 
CK-B in Figure 7. For 15 species and enzymes, there were 125 "sets" of 
tissues. Of these 125, 14% showed nondivergent expression of duplicate 
genes over all tissues for an enzyme. These patterns of nondivergence 
presumably reflect the "primitive" pattern of gene expression in the 
ancestral catostomid soon after the polyploidization. Although this 
pattern seen for some enzymes and tissues in extant species resembles the 
ancestral pattern, this similarity in expression does not require similar 
sequences of nucleotides for the regulatory genes. Sequence changes 
might occur but not result in an alteration in the pattern of gene 
regulation. It does not appear unreasonable to conclude that where 
patterns of duplicate gene expression are different (within and among 
tissues) that this difference is due to genetic (nucleotide sequence) 
divergence. 
Unidirectionally divergent gene expression is the most common 
pattern encountered, with one or more tissues having divergent ratios 
with the same isozyme predominating in each case. We have found that as 
an increasing fraction of tissues diverge in a set, the average ratio of 
divergence of the duplicate genes within any tissue increases. These 
patterns of divergent gene expression which fall in the Unidirectionally 
divergent category could be brought about by mutations at structural 
and/or regulatory genes. A mutation in one of the duplicate structural 
genes could alter enzyme activity or lability, a change in enzyme activity 
level which presumably could be tolerated as long as the other isozyme 
encoded in the other locus is functioning normally. Patterns of divergent 
gene expression which are similar or identical for all tissues, i.e. 
have the same ratio of divergence, are likely candidates for structural 
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mutations which reduced the catalytic efficiency of one of the subunit 
types. Out of all the Unidirectionally divergent tissue patterns (84), 
12 of these or 14% could be explained solely by mutational changes at the 
structural genes. If patterns where the ratio of homopolymer activities 
of the duplicate genes differed by no more than a factor of two are 
included, we obtain a more liberal estimate of 23% of the Unidirectionally 
divergent patterns being consistent with a structural gene mutation. The 
remaining 77% of the divergent patterns of gene expression in the tissues 
are not easily explained by mutational events occurring solely at 
structural genes encoding these isozymes. 
In most instances of divergent gene expression it is likely that 
both mutations at structural and regulatory genes are contributing to the 
differences in duplicate gene expression. A case in point is GPI-A in 
Figure 4. A catalytically inefficient isozyme could have appeared early 
2 
in phylogeny, namely the A isozyme, and is thus weakly expressed among 
many taxa compared to the A . Subsequent regulatory gene evolution 
1 2 
could have modulated the levels of A and A in each tissue, and in one 
instance for kidney, return to the ratio of 1:1. Alternatively, the 
mutation affecting the regulatory gene (operating in kidney) occurred in 
phylogeny and then subsequently a structural gene mutation altering 
isozyme activity could have occurred. Regardless of the sequence of 
events, most of the divergent gene expressions among the species are 
sufficiently complex that they suggest a multicomponent process (involving 
structural and regulatory genes). 
Bidirectional patterns of divergence, i.e. predominance of 
different duplicate genes among different tissues, have probably evolved 
primarily through regulatory gene changes. Of the total of 125 
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patterns of duplicate gene expression examined, 19% are of this level of 
complexity. It would be very difficult to explain a complete switch in 
relative intensities of isozymes from one tissue to another on the basis 
of differential catabolism. Such an observation is rendered even less 
likely by the observations of Nadal-Ginard (1978) that the half lives 
of the quite structurally divergent LDH isozymes with a tissue are 
identical. 
As mentioned above, extreme regulatory divergence could lead to the 
elimination of the expression of a duplicate gene from all tissues (genie 
2 
diploidization). Perhaps the Ldh-B gene in C. cyprinus, shown in 
2 
Figure 5, will be lost eventually. The B containing isozymes are un-
detectable or nearly so in most tissues, and this gene is weakly expressed 
in heart and gonad compared to the B isozyme. However, a low isozyme 
activity in a tissue does not automatically mean that the isozyme doesn't 
have a crucial metabolic role to play in some cell type. In any event, 
if the diminished product of the Ldh-B locus is not essential it could be 
"silenced" in the future through the formation and fixation of a null 
allele. In this context, it is interesting to note that LDH-B has under-
gone genie diploidization in several taxa (Ferris and Whitt, 1978a) and is 
perhaps presently doing so in tetraploid carp (Engel et al., 1973). 
If highly divergent duplicate locus expression is a prelude to future 
loss of the duplicate, one would expect to detect a relationship between 
the fraction of species in which an enzyme has been silenced and the 
average extent of divergence of duplicate gene expression in species 
which have retained both copies of the gene. The low correlation observed 
for these variables from Table 5 suggests that many of the Unidirectionally 
divergent patterns of duplicate gene expression are not simply in transition 
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to an eventual loss. A fraction of the patterns of duplicate gene 
expression seen now may evolve to tissue specific gene functions. 
Tissue specific isozymes with significant kinetic differences, encoded 
in duplicate loci, formed much earlier than the relatively recently 
duplicated loci have been found to persist in many taxa of vertebrates. 
These include muscle, liver, and retinal specific LDHs (Whitt et al.. 
1973; Shaklee et al., 1973; Markert et al., 1975), testes specific 
creatine kinases (Eppenberger et al., 1971; Fisher and Whitt, 1978) and 
LDHs (Goldberg, 1977) and cytochrome c's (Goldberg, 1977) as well as 
many others. However, the fact that the catostomids are relatively 
recent polyploids, with approximately 50% of their duplicate genes still 
expressed, suggests that some more loss of duplicate gene expression will 
probably occur. 
The temporal and spatial isolation of duplicate gene expression is 
generally achieved by isozyme systems encoded in duplicate loci con-
siderably older than those we are studying. Because we do not generally 
observe a departure from the expected binomial isozyme patterns in 
tissues, we have assumed that in those tissues which are made up of hetero-
geneous cell populations, the isozyme patterns of each cell type must be 
very similar (or that the contributions of one cell type swamps out the 
contribution of other cell types). We have not examined the individual 
cell contributions of the different isozyme patterns. However, we have 
some evidence for a spatial isolation of LDH-A gene expression in the 
intestinal tract of C. elongatus (Figures 9 and 10). Although high levels 
of both homopolymers are present, the observed amounts of the hetero-
polymers were far lower than expected. The quite different lactate 
dehydrogenase A and B gene contributions by different cell types in a 
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tissue have been well documented for kidney of mouse (Nadal-Ginard, 1978). 
Because the A and B genes have had hundreds of millions of years to 
evolve such specificities, and because (with the one exception) we have 
generally observed binomial distributions of isozyme activities, it is 
likely that the process of regulatory differentiation among cell types 
within a tissue has only just begun in the catostomids, although 
differentiation of gene expression among tissues is quite extensive. 
There is little evidence that duplicate genes have diverged such 
that they are differentially expressed in development. The only avail-
able data are from a study of the isozymes of the catostomid Erimyzon 
sucetta (Shaklee et al., 1974). There was no indication of differential 
temporal expression of the duplicate loci but the sample of enzymes was 
small and further developmental analyses are required to determine the 
extent of divergence at this level in 50 million years. 
One advantage of the present study is that the investigation of 
differential gene expression of species belonging to many genera provides 
an evolutionary dimension to the study of duplicate gene expression. The 
lowest average divergence for all the tissues within a tissue is 
exhibited by the morphologically primitive Ictiobus bubablus, 1:1.18, 
and the greatest divergence is shown by the advanced Catostomus discobolus, 
1:2.37. Two species within the primitive subfamily Ictiobinae, I. 
bubalus and C. cyprinus possess quite different extents of divergence 
of duplicate genes, the former close to the ancestral condition with an 
average ratio of 1:1.2, and the other quite evolved, with an average 
ratio of 1:2.0. Thus, primitive species may or may not have retained 
ancestral patterns of gene regulation, as noted also by Fisher and Whitt 
(1978). No correlation of extent of divergence of duplicate genes in a 
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species was detected with the fraction of duplicate genes functional 
(a measure of "primitiveness," see Chapter III). A trend may exist for 
increasing differences in the patterns of divergence with increasing 
taxonomic distance, when one compares only homologous enzyme systems 
between species pairs (Table 4). Closely related species have similar 
patterns, and thus a low index of divergence. More distant species share 
fewer patterns in common and have higher indices of divergence. The two 
species mentioned above in the Ictiobinae which exhibited quite different 
indices of divergence are separated by a considerable genetic distance 
(Ferris et al., 1978a) and have many differences in duplicate genes 
expressed. 
Chromosomal rearrangements have been postulated to bring about changes 
in gene regulation in some vertebrate groups (Wilson est al., 1974; King 
and Wilson, 1975). The regulatory changes postulated for the catostomids 
appear to have proceeded in the absence of gross changes in chromosome 
structure and number, since most catostomids have 98-100 chromosomes 
(Uyeno and Smith, 1972). 
In Chapters III and IV of this thesis we advanced the hypothesis 
that regulatory gene changes might be more likely to become fixed in the 
more speciose taxa (which are also the ones with the lowest fraction of 
duplicate genes). However, little correlation exists for the number of 
duplicate genes expressed in a species and the average extent of 
divergence of these duplicate genes. Therefore, regulatory gene mutations 
may not be the main cause of genie diploidization. 
The 15 enzymes studied exhibited a wide range of divergences for 
their duplicate genes. Is the divergence of duplicate gene expression 
within tissues related to the structural and functional properties of the 
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isozymes? The results are interesting. First, there was no correlation 
between the extent of divergence of the duplicate loci among the species 
(Table 5) and the average heterozygosity of the enzymes in the duplicate 
state among catostomids. These results suggest that the mutational 
process affecting net charge is independent of the mutational process 
affecting the divergence of duplicate gene expression, the latter often 
times due to mutations at regulatory genes. An uncoupling of structural 
and regulatory gene evolution has been postulated by Wilson et al. (1974), 
King and Wilson (1975) and Cherry et al. (1978). This is further supported 
by an absence of correlation of the divergence of duplicate genes with the 
subunit molecular weight of the isozymes they encoded. 
A number of investigators have reported that glucose metabolizing 
enzymes are less polymorphic than nonglucose metabolizing enzymes. We 
found that there was a slight difference between these categories of 
enzymes with respect to the amount of divergence of their recently 
duplicated loci. Glucose metabolizing enzymes tended to be more divergent 
than nonglucose metabolizing enzymes. The sample sizes of enzymes in each 
category are rather small and any conclusions about a possible selective 
basis should be deferred until more data are available. 
Another property of the isozymes, net charge, is nonrandomly 
associated with the relative predominances of the duplicate gene 
expressions. Specifically, when there is a divergent ratio within a 
tissue, the more anodally migrating isozyme is more likely to predominate 
over the less anodally migrating isozymes. Dice and Goldberg (1975) 
reported that relatively acidic proteins are more susceptible to de-
gradation than basic proteins. Since, in our study, it is the more 
basic proteins which are relatively diminished, it is unlikely that 
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degradation is a prime factor in generating the divergent ratios we have 
found. In any event, the relative electrophoretic mobilities of such 
isozymes as the LDH-A, and B, are often reversed In fish, which suggests 
that there is not a close association of net charge and tissue pre-
dominance of isozymes (Markert et al., 1975). One possible explanation 
for the tendency of the more anodal isozymes to predominate in their 
tissue expression is that early in phylogeny, perhaps in one or few 
species, this predominance arose (by chance?) and has been subsequently 
distributed among the many species derived from the ancestral ones. 
Further studies will be needed to determine what, if any, relationship 
exists between enzyme stability, function, and net charge. 
One measure of the functional specificity of an enzyme is the 
number of tissues in which it predominates. We found no correlation of 
the degree of divergence of expression of duplicate loci and the number 
of tissues in which the enzyme activity predominates. These various 
lines of evidence are consistent with the model that the initial appearance 
of tissue specificity of these isozymes is established by random mutations 
at regulatory genes, proposed by Zuckerkandl (1978). 
The study of different adult tissues provides a developmental and 
physiological dimension to the study of differential gene expression. 
If the amount of divergence in each tissue is averaged over the 15 species 
and 15 enzymes, there is a definite tissue effect upon the extent of 
divergence of expression of duplicate genes. As illustrated for mito-
chondrial mdh in Figure 3, slight divergence has occurred in brain and 
muscle of the H. nigricans and rather extreme divergent ratios are present 
in stomach and liver. Because the differences in the rates of protein 
synthesis (and degradation) among these tissues can be correlated so 
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nicely with the extent of divergence of duplicate gene expression within 
these tissues, a causal relationship may exist. It should be emphasized 
that in these adult tissues there are almost certainly "steady state" 
conditions obtaining which reflect a balance between isozyme synthesis 
and degradation. Therefore tissues with low rates of enzyme catabolism 
have low rates of synthesis (e.g. brain). In tissues where there is 
rapid degradation of enzymes (e.g. liver) this is balanced by a rapid 
synthesis of these enzymes to maintain a steady state. Because of this 
confounding it is difficult to determine whether either process by itself 
is an important determinant or selective force for the establishment of 
the divergent patterns. Since protein synthesis and turnover is also a 
partial measure of the general cellular metabolism, perhaps some 
component of cellular metabolism is associated with the extent of 
divergence of duplicate gene expression. 
A measure of the degree of differentiation of a tissue is the mitotic 
activity of a cell, since it is observed that highly differentiated cells 
have essentially no mitosis (Bullough, 1965). In the catostomids the 
tissues with no or low mitosis (brain, eye, muscle) have the least 
divergent ratios of duplicate gene expression, whereas the tissues 
exhibiting considerable mitotic activity (stomach and liver) have the 
most divergent ratios. 
The extent of divergence of duplicate gene expression in a tissue 
may also be related to the degree of homeostasis of that tissue. The 
homeostatic requirements of brain and muscle are probably greater than 
for stomach or liver. Indeed brain and muscle are of fundamental 
importance to the survival of all species of catostomids, and these 
tissues appear in development prior to stomach and liver (Long and 
Ballard, 1976). 
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Another way of looking at the issue is that approximately equal 
ratios are maintained in some tissues because the contributions of both 
duplicate genes are important to the functioning of these tissues. 
Further studies on evolutionary changes in isozyme activities as a 
function of gene dosage will be carried out in the future. 
To what extent are the different ratios of isozymes within and among 
tissues brought about by differential gene regulation, i.e. different 
rates of transcription or different levels of transcripts? There is 
recent evidence from studies of lactate dehydrogenase and other proteins 
from higher vertebrates that differences in the isozyme ratios within 
tissues are the consequence of differential synthesis and not differential 
catabolism (Nadal-Ginard, 1978). It is established that the steady state 
levels of total enzyme activity in developmental stages (Gilbert and 
Johnson, 1972) or within adult differentiated tissues (Majerus and 
Kilburn, 1969) is a balance between the rate of protein synthesis and 
degradation. Differential degradation of related isozymes can occur 
within a cell, as shown for different isozymes of catalase (Jones and 
Masters, 1974). However these two forms of catalose have quite different 
subcellular locations, the cytosol and the peroxisomes. Isotope labelling 
of proteins in tissues of mice has revealed that different levels of 
lactate dehydrogenase among tissues are determined primarily by differing 
half lives of the enzymes in these different tissues. More importantly 
Nadal-Ginard found that within any given tissue of the mouse, LDH-A and 
LDH-B subunit containing isozymes are degraded at the same rate. Thus 
it was concluded that different ratios of A and B isozymes in the various 
tissues must be due to different rates of protein synthesis, presumably 
reflecting differences in transcription. The same conclusion was reached 
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for the aldolase isozymes in tissue of rabbit (Lebherz, 1975). 
There is some direct experimental evidence for differential gene 
regulation in another tetraploid group, the salmonid fishes. Duplicate 
LDH-A loci in salmon produce subunits which are in the ratio of 4:1 (Lim 
and Bailey, 1977), yet examination of their kinetic properties revealed 
no differences in catalytic efficiency of the two forms. Thus it was 
hypothesized that the nonequivalent expression of these duplicate genes 
is due to different rates of synthesis. 
On the basis of the kinds of patterns of duplicate gene expression 
we have found, as well as studies on enzyme degradation and catalytic 
efficiency m other organisms, we propose that most if not all the tissue 
characteristic isozyme patterns are brought about at the level of enzyme 
synthesis and most probably the level of gene regulation. As indicated 
before, some duplicate genes are so divergent in their expression that 
2 
only one isozyme is detected in a tissue, e.g., CK-B- in heart in 
Figure 7. This variable presence or absence of a specific gene function 
in a tissue over many taxa is analogous to the situation described for 
the taxonomically variable Ldh-B gene activity in erythrocytes of rodents 
(Shows et al., 1969). Since most rodents have LDH-B activity in 
erythrocytes, and myomorph rodents lack the LDH-B activity in erythrocytes 
but have B gene activity in other tissues, a tissue specific defect in 
gene regulation was postulated to have evolved in the evolution of this 
taxon. These examples provide further support for a regulatory basis for 
many of the patterns of differential expression in catostomids. 
The probable phylogenetic time that several of the tissue patterns 
of duplicate gene expression arose were able to be determined. The patterns 
of CK-B expression, with equality of the duplicates in brain, the 
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1 2 
predominance of the B in eye, and the expression of B only in heart 
2 
(with loss of expression of B in heart of some taxa), appear to have 
evolved soon after the polyploidization event, perhaps within 5-10 
million years after gene duplication. It is possible, but less likely, 
that the many unrelated species have arrived independently at the pattern 
by convergence. A similar rapid evolutionary appearance of a Bi-
directionally divergent pattern was demonstrated in the tetraploid cobitid 
fishes for duplicate LDH-B loci (Ferris and Whitt, 1977b). Other proteins, 
for example, MDH and GPI, were shown to have evolved somewhat later in 
the phylogeny of the catostomids. The regulatory elements for these 
enzymes might be evolving more slowly than other enzymes we studied. 
For example, other enzymes, such as LDH-B, appear to have regulatory 
elements readily capable of evolving new tissue specificities since 
tissue divergence of LDH-B locus expression has been found in salmonids 
(Holmes and Markert, 1969; Lim et al., 1973), catostomids, cobitids 
(Ferris and Whitt, 1977b) and rodents (Shows et al., 1969). 
The widespread pattern of differential CK-B locus expression in 
catostomids, and the retention of duplicate CK-B loci in the 30 diverse 
catostomids examined to date raises an interesting question. Are these 
duplicates being maintained because they have diverged functionally in 
their kinetic properties, so that each form is advantageous in a unique 
tissue? Zuckerkandl (1978) has recently proposed that differential 
expression among tissues following gene duplication is brought about by 
chance mutations in associated regulatory elements. Much of our data 
from the catostomids is consistent with this theory, and it may well 
describe divergence in early phases of gene duplication. Petit and 
Zuckerkandl (1976) suggest that a duplicate gene function might be 
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eliminated soon after duplication if it fails to acquire any unique 
functional or tissue specificity. The fact that enzymes such as CK-B 
and SOD have been retained in duplicate gene sets in all catostomids, 
and have divergent patterns of expression in most species, suggests that 
they may have acquired functional (but not necessarily kinetic) 
differences and thus are resisting genie diploidization in the present. 
An investigation of the microlocalizations and kinetic properties of the 
isozymes encoded in these duplicate loci is necessary to determine 
whether a functional divergence of these isozymes has accompanied the 
regulatory divergence of their loci. We further suggest that once a 
duplicate gene pair has evolved tissue specific patterns of predominance, 
especially the Bidirectional tissue patterns, kinetic differences 
(each consistent with the appropriate cellular environment) may be 
selected and thus the duplicate loci will tend to be retained in the 
genome. Indeed, ancient duplicate copies of LDH, MDH, and CK genes in 
the teleosts have been maintained in almost all teleost lineages, and 
usually each duplicate is differentially expressed in characteristic 
tissues over most of the taxa (Markert et al., 1975; Fisher and Whitt, 
1978; Fisher et al., in preparation). 
A study of the kinetic properties of the isozymes encoded in the 
LDH-A and B loci in a number of vertebrate species, including fishes 
reveals that the A, isozymes have affinities for pyruvate which are 2-10 
times greater than the B, isozymes (Pesce et al., 1967). The relative 
difference in this kinetic property presumably arose in the common 
ancestor of all the species, which was about 425 million years ago 
(Dayhoff, 1972). The duplication of LDH to give rise to A and B genes 
is thought to have occurred 450 million years ago in the ancestors of 
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the Myxiniformes (Markert et al., 1975). The kinetic properties of 
duplicate LDH-B isozymes in trout have also been found to be significantly 
different, and this difference was postulated to have arisen in about 
100 million years (Lim et al., 1975), and is paralleled by a regulatory 
divergence in the expression of the two loci (Holmes and Markert, 1969). 
Therefore, functional specialization of the isozymes may have been 
acquired 25-100 million years after the acquisition of tissue specificity 
of duplicate gene expression, or the regulatory and functional 
specializations may have coevolved. 
We do not know what fraction of the remaining duplicate genes will 
be lost in the next 50 million years. However, based on the relatively 
large number of multilocus isozymes systems remaining in diploid 
vertebrates (many of the isozyme loci formed by polyploidization 500 
million years ago), it is likely that the rate of loss of duplicate gene 
expression will be slower in the future than it has been in the past. 
There are two views as to which duplicate loci have a higher probability 
of being lost. On one hand, where there is little divergence of duplicate 
gene expression within and among tissues, one might expect (because of 
the redundancy) that one of the copies would be capable of being readily 
lost. Alternatively, perhaps duplicate gene expressions which are so 
divergent that the expression of one locus is barely detected, have a 
higher probability of premanently losing the function of the locus with 
reduced expression. A similar hypothesis as that just described has been 
made for the duplicate LDH-A loci in salmon (Lim and Bailey, 1977). 
Future research is required to focus on the relative contributions 
of regulatory gene evolution, and isozyme structural and functional 
evolution in the early stages of gene duplication (zero to 100 million 
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years after the transition to disomy). Many of the divergent patterns 
of gene expression in catostomids will tend to persist and become in-
creasingly restricted in their spatial and temporal expression, as have 
many of the multilocus systems in vertebrates formed by more ancient 
gene duplications. Research is needed to further elucidate the extent to 
which duplicate genes have become differentially expressed in the ontogeny 
of the catostomids. The continued investigation of tissue expression of 
duplicate genes relatively soon after gene duplication should provide 
insights into the mechanisms responsible for differential gene regulation 
and the evolutionary forces responsible for the establishment of these 
temporal and spatial specificities of gene function. 
E. Summary 
The tetraploid catostomids have retained the expression of half their 
duplicate genes for 50 million years. A majority of these duplicates 
have diverged in their regulation such that their isozymes are 
differentially expressed within and among adult tissues. The divergence 
of expression of the majority of these isozyme loci is consistent with 
the postulate of a random accumulation of changes at regulatory genes. 
The effects of the regulatory changes are not completely random, for there 
are significant differences in the extents of divergence of duplicate gene 
expressions in specific tissues. Evidence of an uncoupling of regulatory 
mutations and structural gene mutations was found in the absence of a 
correlation of extent of divergence of duplicate gene expression among 
species and average heterozygosity of duplicate loci among the species. 
There is also little correlation with the extent of divergence of 
duplicate gene expression within a species and its "primitiveness" or 
"advancedness," although species pairs which are increasingly distant 
are less likely to share specific patterns of differential expression 
among tissues. Lastly, the probable phylogenetic time of origin of 
several patterns of differential gene expression has been determined. 
Some patterns have evolved in recent evolutionary times and are specific 
to one or a few species, whereas at least one pattern of differential 
gene expression is present in nearly all species and probably arose 
soon after the polyploidization event. 
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Appendix 
The ratios of duplicate gene expression in tissues of 15 catostomids 
are shown in this Appendix. The tissues examined are white skeletal 
muscle (M), heart (H), eye (E), brain (B), stomach (S), gill (G), liver 
(L), spleen (Sp), gonad (Go), and kidney (K). The first row of values 
for an enzyme is the estimated ratio of subunits encoded by the duplicate 
genes. The second row is the logarithm of these ratios. A minus (-) 
sign before the log value indicates that the less anodally migrating 
isozyme predominated in its expression over the more anodally migrating 
isozyme. No sign indicates that the more anodally migrating isozyme 
predominated. In the calculation of the means for enzymes and tissues, 
the minus (-) signs were omitted. 
The ratio activities of the duplicate genes determined by the method 
of Klebe (1975) are denoted by an asterisk (*). A replication of the 
determination of the ratio of duplicate gene expression was performed 
in some instances and these are indicated by a plus (+) sign. 
r 
Enzyme 
Acp 
Gpi-A 
Gpi-B 
M-mdh 
Mdh-A 
Mdh-B 
Ldh-A 
Ldh-B 
Ck-A 
M 
2.83* 
-0.4515 
1.41+ 
0.1505 
1*+ 
0 
1*+ 
0 
1*+ 
0 
H 
1 
0 
5.66 
0.7526 
1 
0 
1 
0 
1 
0 
2.83 
0.4515 
2.83 
-0.4515 
1 
0 
E 
1 
0 
16 
1.2041 
1 
0 
1 
0 
2.83 
0.4515 
3.36 
-0.5268 
B 
1 
0 
5.66 
0.7526 
1 
0 
1 
0 
2.83 
0.4515 
2.83 
-0.4515 
Table A-l 
Cycleptus elongatus 
S 
1 
0 
16 
1.2041 
2 
0.3010 
1 
0 
1.68*+ 
-0.2258 
4 
-0.6021 
Tissues 
G 
1 
0 
16 
1.2041 
2 
0.3010 
1 
0 
— 
2.83* 
0.A515 
1.68* 
-0.2258 
L 
1.41* 
-0.1505 
8 
0.9031 
4 
0.6021 
1 
0 
4 
0.6021 
1.68 
-0.2258 
Sp 
1 
0 
16 
1.2041 
4 
0.6021 
1 
0 
4 
0.6021 
4 
-0.6021 
Go 
1 
0 
8 
0.9031 
4 
0.6021 
2 
-0.3010 
4 
0.6021 
2 
-0.3010 
K 
1 
0 
16 
1.2041 
4* 
0.6021 
1* 
0 
3.36* 
0.5268 
2.83 
-0.4515 
Mean 
(log) 
0.0167 
1.0369 
0.4515 
0.3161 
0.0334 
0.0000 
0.4365 
0.4348 
0.0000 
to 
oo to 
Table A-1 (continued) 
Enzyme 
CK-B 
G3pdh 
AK-A 
Sod 
Mean 
(log) 
M 
1* 
0 
1* 
0 
0.0860 
16 
-1. 
1 
0 
1 
0 
0. 
H 
i 
2041 
2600 
5. 
0. 
1 
0 
1 
0 
0. 
E 
.66* 
,7526 
,3261 
B 
1* 
0 
1 
0 
1. 
-0. 
0. 
41 
,1505 
2007 
1 
0 
0. 
S 
,3333 
Tissues 
G 
1 
0 
1 
0 
0. ,2728 
L 
16* 
-1.2041 
2* 
0.3010 
0.4986 
Sp 
1 
0 
2* 
-0.3010 
0.4139 
Go 
1 
0 
1* 
0 
0.3387 
1 
0 
1 
0 
0. 
K 
3481 
Mean 
(log) 
0.6522 
0.0000 
0.1388 
0.0836 
Mean of all tissues, enzymes = 0.3074 (log), 1:2.03 (inverse log). 
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Table A-2 (continued) 
Enzyme M H E B 
Tissues 
G Sp Go K 
Mean 
(log) 
Sod 
6Pgd 
Ald-C 
1 
0 
1 
0 
1 
0 
1 
0 
2. 83 
-0.4515 
1 
0 
1 
0 
2.83 
-0.4515 
1 
0 
1.41 
-0.1505 
1 
0 
1.41* 
-0.1505 
1 
0 
1* 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1.41 
-0.1505 
0.0000 
0.0502 
0.4515 
Mean 
(log) 
0.0903 0.1338 0.1317 0.0564 0.0502 0.0251 0.0251 0.0502 0.0753 0.0251 
Mean of all tissues, enzymes = .0707 (log), 1:1.18 (inverse log). 
Enzyme 
Sod 
Ldh-B 
Mdh-B 
Ak-A 
G3pdh 
M 
16 
1.2041 
1* 
0 
1 
0 
1* 
0 
H 
16 
1.2041 
1.68* 
0.2258 
1* 
0 
E 
2 
0.3010 
4 
0.6021 
1 
0 
B 
2 
0.3010 
4 
0.6021 
1 
0 
Table A-3 
Carpiodes cyprinus 
S 
2.83 
0.4515 
4 
0.6021 
1 
0 
Tissues 
G 
2* 
0.3010 
4 
0.6021 
2 
-0.3010 
L 
2* 
0.3010 
4 
0.6021 
1 
0 
Sp 
2 
0.3010 
4 
0.6021 
1 
0 
Go 
1* 
0 
1.68 
0.2258 
1 
0 
K 
4* 
0.6021 
4 
0.6021 
1 
0 
Mean 
(log) 
0.4967 
0.5185 
0.0000 
0.0301 
0.0000 
Ald-C 2.83 
•0.4515 
2.83 
•0.4515 0.4515 
6Pgd 1 
0 
1 
0 
1.41 
•0.1505 
1.41 
•0.1505 
2* 
•0.3010 
1* 
0 
1 
0 
2 1.41 
•0.3010 -0.1505 0.1171 
to 
co 
o\ 
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•a 
<U 
3 
d 
•H 
•U 
d 
o 
o 
C O 
I 
< 
Si 
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d oo 
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CD rH 
a ^ 
m 
o 
CJ 
cu 
CO 
• J 
CM 
CO 
o 
co 
• o 
1 
m 
rH 
m 
oo «4-
CO 
(U 
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co 
co 
C5 
co 
PQ 
w 
W 
o« 
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vo 
co 
• o 
VO 
•J< CM 
v£> ir» 
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m o 
i 
o 
ft 
o 
co 
OA 
o U"| 
CM 
• o 
ft o 
o> 
rH 
m 
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• o 
CM O rH O 
CM O 
O 
CO 
CM O 
ft o 
cu 
I N 
d 
w 
<5 
i H 
a CJ 
i 
iH 
a. CJ 
pq 
i 
M 
CJ 
CM 
u-i 
co 
o 
00 
CO 
00 
o 
CM 
en 
o 
r^  CM 
• 
o 
CM 
i-H 
VO 
CO 
• 
o 
o\ 
o 
. 
<-\ 60 
o ft 
<0 
CO 
u 
cu 
> d 
T I 
v—<• 
CM 
o 
o 
co 
• CM O 
1 
o 
f t 
o 
+ CO 
CM O 
1 
o 
rH 
O 
CO 
* . CM O 
1 
o 
ft 
o 
co 
• CM O 
1 
ft 
vO 
ft 
CM 
O 
ft 
<t 
o CM 
ft 
O 
ft 
o CO 
• o 
1 
t i-H O 
£2 
co m 
00 sf 
. . CM O 
rH 
•st 
O 
CM 
. vO ft 
ft I 
m 
CM 
• o 
CO 
VO 
r»» 
co 
• o 
o 
ft 
o CO 
• 
o 
CO 
CM 
VO 
<* 
• o 
00 
o 
CM 
/-\ d oo 
n) o 
CJ rH 
a ^ 
MH 
o 
d 
cd 
i i 
a 
00 
o 
vO 
o 
co 
• 
o 
II 
co 
0) 
d 
o 
CO 
CU 
3 
to 
M 
Enzyme 
Ck-B 
M-mdh 
Mdh-B 
Ak-A 
Sod 
Ldh-B 
M 
1.41* 
-0.1505 
4* 
-0.6021 
1* 
0 
2 
-0.3010 
H 
16 
-1.2041 
1 
0 
1 
0 
2 
-0.3010 
2 
-0.3010 
E 
1.41*+ 
0.1505 
1 
0 
1 
0 
1.41 
-0.1505 
2.83 
-0.4515 
B 
1* 
0 
1 
0 
1 
0 
2 
-0.3010 
2.83 
-0.4515 
Tabl 
Erimyzon 
S 
1.41+ 
-0.1505 
1 
0 
2 
-0.3010 
e A-4 
sucetta 
Tissues 
G 
2.83 
-0.4515 
1 
0 
2 
-0.3010 
2.83 
-0.4515 
L 
2.83 
-0.4515 
1 
0 
2 
-0.3010 
SP 
2.83 
-0.4515 
4* 
-0.6021 
2 
-0.3010 
4 
-0.6021 
Go 
2 
-0.3010 
1 
0 
2* 
-0.3010 
1 
0 
K 
2.83 
-0.4515 
4 
-0.6021 
2 
-0.3010 
3.36 
-0.5268 
Mean 
(log) 
0.4515 
0.2408 
0.6021 
0.1204 
0.2859 
0.3978 
Mean 
dog) 
0.2634 0.3612 0.1505 0.1505 0.1505 0.3010 0.2508 0.4892 0.1505 0.4704 
Mean of all tissues, enzymes = 0.2735 (log), 1:1.88 (inverse log). 
Table A-5 
Erimyzon oblongus 
Enzyme M H E B 
Tissues. 
G Sp Go K 
Mean 
(log) 
Ck-B 
Mdh-B 
M-mdh 
Ak-A 
Sod 
Ldh-B 
6Pgd 
Gpi-B 
Mean 
( l o g ) 
Mean of 
2. 
- 0 . 
1. 
- 0 . 
1 
0 
1 
0 
2 
0 . 
0 . 
a l l 
83 
4515 
41 
1505 
3010 
1806 
t i s s 
1 
0 
1 
0 
1 
0 
2 
- 0 . 
1 
0 
2 
0 . 
0 . 
ues , 
3010 
3010 
1003 
1.41 
0.1505 
1 
0 
2 
-0 .3010 
1 
0 
2.83 
-0 .4515 
1 
0 
0.1505 
1.41 
-0 .1505 
1 
0 
1 
0 
1 
0 
2.83 
-0 .4515 
1 
0 
0.1003 
enzymes = 0.2314 ( l o g ) , 
5.66 
0.7526 
2 
-0 .3010 
1 
0 
4 
-0 .6021 
1.41 
0.1505 
2 
0.3010 
0.3512 
1:1.70 
1 
0 
1 
0 
1 
0 
2 .83 
-0 .4515 
2 
0.3010 
0.1505 
( i n v e r s e 
2 
0.3010 
2 
-0 .3010 
2 
-0 .3010 
1 
0 
0.2258 
l o g ) . 
2 
0.3010 
8 
-0 .9031 
1.41 
0.1505 
4 
-0 .6021 
1 
0 
0.3913 
2 
0.3010 
8 
-0 .9031 
1 
0 
4 
-0 .6021 
1.41 
0.1505 
0.3913 
1.41 
0.1505 
8 
-0 .9031 
1 
0 
3.36 
-0 .5268 
1 
0 
0.3161 
0.1505 
0.4515 
0.1957 
0.3612 
0.0452 
0.4986 
0.0669 
0.3010 
to 
GO 
vo 
Enzyme 
Ck-B 
Mdh-B 
M-mdh 
Sod 
Ldh-B 
Gpi-B 
Mean 
(log) 
M 
4 
-0.6021 
1 
0 
1.41 
0.1505 
0.2509 
H 
1.41 
0.1505 
1 
0 
1 
0 
1.41 
0.1505 
0.0753 
E 
1.41 
0.1505 
1 
0 
1 
0 
1.41 
-0.1505 
1 
0 
0.0602 
B 
1 
0 
1 
0 
1 
0 
1.41 
-0.1505 
0.0376 
Table 
Erimyzon 
A-6 
tenuis 
Tissues 
S G 
2 
0.3010 
1.41 
-0.1505 
1 
0 
0.1505 
1 
0 
1 
0 
1.19 
-0.0753 
0.0251 
L 
4 
0.6021 
2 
-0.3010 
0.4516 
SP 
4 
0.6021 
1.41 
0.1505 
4 
-0.6021 
0.4516 
Go 
4 
0.6021 
4 
-0.6020 
1 
0 
1.41 
0.1505 
0.3387 
K 
1.41 
0.1505 
1 
0 
2.83 
-0.4515 
1.41 
0.1505 
0.1881 
Mean 
(log) 
0.0753 
0.6021 
0.2408 
0.1338 
0.1787 
0.1204 
Mean of all tissues, enzymes = 0.1828 (log), 1:1.52 (inverse log). 
Table A-7 
Minytrema melanops 
Enzyme M H B 
Tissues 
G SP Go K 
Mean 
(log) 
Gpi-A 
Gpi-B 
M-mdh 
Mdh-B 
Ck-B 
Ald-C 
Sod 
Mean 
(log) 
1 
0 
1 
0 
4 
-0.6021 
0.2007 
2 
0. 
1. 
-0. 
1 
0 
1 
0 
0. 
,3010 
41 
,1505 
1129 
2 
0.3010 
2 
0.3010 
1.41 
0.1505 
1.68 
-0.2258 
1.41 
0.1505 
0.2258 
1 
0 
2 
-0. 
1 
0 
1 
0 
1 
0 
1 
0 
0. 
3010 
0502 
1.41 
0.1505 
2 
-0.3010 
1.41 
0.1505 
1.41 
0.1505 
0.1881 
1.41 
0.1505 
1 
0 
2.83 
0.4515 
0.2007 
4* 
0.6021 
2 
0.3010 
1.41* 
0.1505 
0.3512 
1 
0 
1.41 
0.1505 
16 
1.2041 
0.4515 
4 
0.6021 
1 
0 
2 
0.3010 
2 
-0.3010 
0.3010 
1.41*+ 
0.1505 
1 
0 
1 
0 
4* 
0.6021 
0.1882 
0.2509 
0.1254 
0.1204 
0.6021 
0.0753 
0.1129 
0.3345 
Mean of all tissues, enzymes = 0.2159 (log), 1:1.64 (inverse log). 
Table A-8 
Moxostoma duquesnei 
Enzyme 
Sod 
Ck-B 
Gpi-A 
Ak-A 
Mdh-A 
M-mdh 
Ldh-B 
M 
1.41 
0.1505 
2 
0.3010 
1* 
0 
1.41 
0.1505 
H 
1 
0 
5.66 
0.7526 
1 
0 
1 
0 
2 
0.3010 
1 
0 
E 
1 
0 
2* 
0.3010 
4* 
0.6021 
1 
0 
1 
0 
1 
0 
2.83 
0.4515 
B 
1 
0 
1* 
0 
1.41* 
0.1505 
2* 
-0.3010 
1*+ 
0 
1* 
0 
1.19 
0.0753 
S 
1.41 
0.1505 
4 
0.6021 
16 
-1.2041 
4* 
-0.6021 
4 
0.6021 
1 
0 
Tissues 
G 
2.83* 
0.4515 
2.83 
0.4515 
1 
0 
2.83* 
-0.4515 
2 
0.3010 
3.36 
0.5268 
L 
1* 
0 
2 
0.3010 
32 
-1.5052 
2 
-0.3010 
11.3* 
1.0536 
4 
0.6021 
SP 
1 
0 
2 
0. 
1 
0 
4 
-0. 
1 
0 
4 
0. 
3010 
6021 
6021 
Go 
4 
-0.6021 
2 
0.3010 
1 
0 
4 
-0.6021 
8 
0.9031 
1.41 
0.1505 
K 
2 
0.3010 
1.41 
0.1505 
1 
0 
4 
-0.6021 
1.41 
0.1505 
1.19 
0.0753 
Mean 
(log) 
0.1656 
0.1505 
0.3913 
0.3010 
0.3512 
0.3462 
0.2760 
Mean 
(log) 
0.1505 0.1756 0.1935 0.0753 0.5268 0.3637 0.6272 0.2509 0.4265 0.2885 
Mean of all tissues, enzymes = 0.2998 (log), 1:1.99 (inverse log). 
Table A-9 
Moxostoma erythrurum 
Enzyme M H E 
Tissues 
G Sp Go K 
Mean 
(log) 
Sod 
Ck-B 
Gpi-A 
Ak-A 
Mdh-A 
M-mdh 
Mean 
(log) 
2 
0.3010 
2 
0.3010 
1 
0 
2 
0.3010 
0.2258 
1 
0 
2.83 
0.4515 
1 
0 
1 
0 
1 
0 
0.0903 
1 
0 
2 
0. 
2. 
0. 
1 
0 
1 
0 
1 
0 
0. 
3010 
83 
4515 
1254 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
0.0000 
1.41 
0.1505 
1.41 
0.1505 
2.83 
-0.4515 
5.66 
0.7526 
0.3763 
2.83 
0.4515 
1.41 
0.1505 
2 
0.3010 
2.83 
-0.4515 
1.41 
0.1505 
0.3010 
1 
0 
2 
0.3010 
1 
0 
2.83 
-0.4515 
5.66 
0.7526 
0.3010 
1 
0 
-
2 
0.3010 
1 
0 
2.83 
-0.4515 
4 
0.6021 
0.2709 
2 
-0.3010 
2.83 
0.4515 
1 
0 
1 
0 
1.41 
0.1505 
0.1806 
1 
0 
1.41 
0.1505 
1 
0 
2.83 
-0.4515 
1 
0 
0.1204 
0.1204 
0.1505 
0.2709 
0.0334 
0.2508 
0.2709 
Mean of all tissues, enzymes = 0.1896 (log), 1:1.55 (inverse log). 
Enzyme 
G3pdh 
Gpi-A 
6Pgd 
Sod 
Mdh-A 
M-mdh 
Ck-B 
M 
8 
-0.9031 
1.41 
0.1505 
2.83 
0.4515 
H 
5.66 
0.7526 
1.41 
0.1505 
1.41 
0.1505 
1 
0 
1.41 
0.1505 
E 
5.66* 
0.7526 
1 
0 
1 
0 
1 
0 
1.41 
0.1505 
2.83 
0.4515 
Table 
Hypentelium 
B 
2.83* 
0.4515 
1.41 
-0.1505 
1.41 
-0.1505 
1* 
0 
1* 
0 
1 
0 
A-10 
nigricans 
Tissues 
S G 
2.83 
0.4515 
2 
0.3010 
1.41 
0.1505 
2 
-0.3010 . 
1.41 
0.1505 
4 
0.6021 
1 
0 
1.41 
0.1505 
1.41 
-0.1505 
1 
0 
L 
2.83 
0.4515 
1 
0 
2*+ 
0.3010 
4* 
-0.6021 
8* 
0.9031 
Sp 
4 
0.6021 
1 
0 
1 
0 
2.83 
-0.4515 
1.41 
0.1505 
Go 
2 
0.3010 
1 
0 
1.41 
-0.1505 
1 
0 
5.66 
0.7526 
K 
1 
0 
1 
0 
2 
0.3010 
2.83 
-0.4515 
1.41 
0.1505 
Mean 
(log) 
0.9031 
0.4850 
0.0669 
0.1505 
0.2174 
0.2860 
0.2258 
Mean 
(log) 
0.5017 0.2408 0.2258 0.1254 0.2709 0.1806 0.4515 0.2408 0.2408 0.1806 
Mean of all tissues, enzymes = 0.2529 (log), 1:1.79 (inverse log). 
Table A-11 
Catostomus commersoni 
Enzyme 
Ck-B 
Ldh-B 
Gpi-A 
6Pgd 
G3pdh 
Mdh-A 
M-mdh 
Sod 
M 
1 
0 
4* 
-0.6021 
2 
0.3010 
1 
0 
H 
16 
-1.2041 
2.83 
0.4515 
5.66 
0.7526 
1 
0 
2.83 
0.4515 
1 
0 
1 
0 
E 
2* 
0.3010 
2.83 
0.4515 
11.3* 
1.0536 
1.41 
0.1505 
1.41 
0.1505 
1 
0 
1 
0 
B 
1* 
0 
2.83 
0.4515 
5.66* 
0-7526 
2 
0.3010 
1* 
0 
1* 
0 
1 
0 
S 
4 
0.6021 
11.3 
1.0536 
1.41 
-0.1505 
1.41 
0.1505 
2.83 
0.4515 
2 
0.3010 
Tissues 
G 
4 
0.6021 
4 
0.6021 
1 
0 
2.83 
0.4515 
1 
0 
2 
0.3010 
L 
4 
0.6021 
4 
0.6021 
1* 
0 
2.83 
0.4515 
1.41* 
0.1505 
2* 
0.3010 
Sp 
4 
0.6021 
8 
0.9031 
1 
0 
2 
0.3010 
1.41 
0.1505 
2 
0.3010 
Go 
1 
0 
1 
0 
1.41 
-0.1505 
4 
0.6021 
2 
0.3010 
1 
0 
K 
3.36 
0.5268 
2.83* 
0.4515 
1 
0 
1 
0 
2 
0.3010 
2* 
0.3010 
Mean 
(log) 
0.5017 
0.4766 
0.6857 
0.0753 
0.6021 
0.2860 
0.1355 
0.1672 
Mean 
(log) 
0.2258 0.4085 0.3010 0.2150 0.4515 0.3261 0.3512 0.3763 0.1756 0.2634 
Mean of all tissues, enzymes = 0.3173 (log), 1:2.08 (inverse log). to 
vo 
Ul 
Table A-12 
Catostomus catostomus 
Enzyme M H E 
Tissues 
G SP Go K 
Mean 
(log) 
Ak-A 
Ldh-B 
Mdh-A 
Gpi-A 
Gpi-B 
Ck-B 
6Pgd 
Mean 
( log ) 
1 
0 
1 
0 
2 .38 
0.3763 
1 
0 
4 
0.6021 
1 
0 
.83 
.4515 
1 
0 
4 
0.6021 
M-mdh 4 4 5.66 2.83 
-0 .6021 - 0 . 6 0 2 1 -0 .7526 -0 .4515 
1 
0 
2.83 
0.4515 
5.66 
-0.7526 
1 
0 
5.66 
•0.7526 
1 
0 
4 
0.6021 
5.66 
-0.7526 
1 
0 
1 
0 
5.66 
-0 .7526 
0 0.0000 
3.36 
0.5268 0.4516 
5.66 
-0.7526 0.6857 
1 
0 
2.83 
0.4515 
1 
0 
1 
0 
1 
0 
1.41 1.41 2 2 1.41 
0.1505 0.1505 0.3010 0.3010 0.1505 0.1505 
Sod 2 2 2.83 1.41 1.41 2 2.83 2 .83 1 
-0 .3010 -0 .3010 -0 .4515 -0 .1505 -0 .1505 -0 .3010 -0 .4515 -0 .4515 0 
5 .66 
0.7526 
1 
0 
1.41 
-0 .1505 
0.2580 
5.66 
0.7526 
1 
0 
16 
-1 .2041 
1 
0 
8 
0.9031 
,66 
.7526 
5.66 
0.7526 
5.66 
0.7526 
5.66 
0.7526 
4 
0.6021 
4 
0.6021 
1 
0 
- 0 . 6 0 2 1 0 .3161 
0.3010 0.6924 
1.41 
0.1505 
2.83 
0.4515 
1 
0 
1 
0 
0.0000 
0.4515 
1.41 1 
•0.1505 0 
1 
0 
1 
0 
1.41 
•0.1505 
0.4097 0.4139 0.2575 0.2759 0.3440 0.3512 0.3870 0.2580 
0 0.0903 
0.3333 to VO 
o\ 
Mean of a l l t i s s u e s , enzymes = 0 .3261 ( l o g ) , 1:2.12 ( i n v e r s e l o g ) . 
Table A-13 
Catostomus discobolus 
Enzyme 
Ak-A 
Mdh-A 
M-mdh 
6Pgd 
Sod 
Ldh-B 
Gpi-A 
Ck-B 
1 
0 
16 
- 1 . 
16 
- 1 . 
1 
0 
M 
,2041 
,2041 
H 
1 
0 
2 .83 
0.4515 
1 
0 
5.66 
-0 .7526 
1 
0 
1.19 
0.0753 
5.66 
0.7526 
E 
1 
0 
2.83 
0.4515 
1 
0 
5.66 
-0 .7526 
1 
0 
2.83 
0.4515 
5.66 
0.7526 
16 
-1 .2041 
B 
1 
0 
2 .83 
0.4515 
2 
-0 .3010 
5.66 
-0 .7526 
2 
-0 .3010 
1.41 
0.1505 
5 .66 
0.7526 
2 
0.3010 
S 
2 .83 
0.4515 
1.41 
-0 .1505 
1.41 
-0 .1505 
2.83 
0.4515 
4 
0.6021 
1 
0 
T i s s u e s 
G 
1 
0 
2 
0.3010 
2.83 
-0 .4515 
1.41 
-0 .1505 
1 
0 
1.19 
0.0753 
5.66 
0.7526 
L 
1 
0 
2.83 
0.4515 
16 
-1 .2041 
5.66 
-0 .7526 
1 
0 
5.66 
0.7526 
Sp 
1 
0 
2 
0.3010 
1.41 
-0 .1505 
1 
0 
1 
0 
3 .36 
0.5268 
4 
0.6021 
Go 
1 
0 
2 
0.3010 
2 .83 
-0 .4515 
5.66 
-0 .7526 
1.41 
-0 .1505 
1.19 
0.0753 
4 
0 .6021 
K 
1 
0 
1.41 
0.1505 
16 
-1 .2041 
16 
-1 .2041 
1.41 
-0 .1505 
3.36 
0.5268 
1.41 
0.1505 
Mean 
( log ) 
0.0000 
0.3679 
0.5519 
0.6472 
0.0753 
0.2916 
0.6355 
0.5017 
Mean 
(log) 
0.6021 0.4045 0.3387 0.3387 0.3612 0.2473 0.5268 0.2258 0.3333 0.4838 
Mean of all tissues, enzymes = 0.3740 (log), 1:2.37 (inverse log). to 
Table A-14 
Chasmistes brevirostris 
Enzyme 
Ak-A 
Ck-B 
Gpi-A 
Gpi-B 
Ldh-B 
Mdh-A 
M-mdh 
6Pgd 
Sod 
1 
0 
2. 
0. 
2. 
-0. 
4 
-0. 
1 
0 
M 
,83 
,4515 
,83 
,4515 
,6021 
H 
1 
0 
16 
-1.2041 
5.66 
0.7526 
2.83 
-0.4515 
2.38 
0.3763 
2 
0.3010 
4 
-0.6021 
2 
0.3010 
1 
0 
E 
1 
0 
1.41 
0.1505 
4 
0.6021 
4 
0.6021 
1.41 
0.1505 
1 
0 
2 
0.3010 
1 
0 
B ' 
1 
0 
1 
0 
5.66 
0.7526 
2.38 
0.3763 
1 
0 
2.83 
-0.4515 
1 
0 
1 
0 
S 
4 
0.6021 
1 
0 
1 
0 
1 
0 
Tissues 
G 
2 
0.3010 
5.66 
0.7526 
3.36 
0.5268 
1.41 
0.1505 
4 
-0.6021 
1.41 
0.1505 
1 
0 
1 
0 
1. 
0. 
4 
-0. 
2 
0. 
1 
0 
L 
,41 
,1505 
6021 
3010 
Sp 
1 
0 
4 
0.6021 
4 
0.6021 
1.41 
0.1505 
16 
-1.2041 
1.41 
0.1505 
1 
0 
Go 
1 
0 
5.66 
0.7526 
1.41 
0.1505 
5.66 
-0.7526 
1 
0 
1 
0 
K 
1 
0 
4 
0.6021 
3.36 
0.5268 
1 
0 
16 
-1.2041 
2 
0.3010 
1 
0 
Mean 
(log) 
0.0334 
0.4515 
0.6585 
0.4515 
0.5161 
0.1171 
0.6690 
0.1672 
0.0000 
Mean 
(log) 
0.3010 0.4432 0.2258 0.1976 0.1505 0.3548 0.2107 0.3870 0.2760 0.3763 
to 
VO 
00 
Mean of all tissues, enzymes = 0.3033 (log), 1:2.01 (inverse log). 
Enzyme 
Ak 
Ck-B 
Gpi-A 
Gpi-B 
G3pdh 
Ldh-B 
Sod 
M-mdh 
1 
0 
2 
-0. 
5. 
-0. 
1 
0 
1 
0 
M 
,3010 
66 
7526 
H 
1 
0 
8 
0.9031 
1 
0 
2.83 
0.4515 
1 
0 
1.41 
0.1505 
E 
1 
0 
1.41 
0.1505 
8 
0.9031 
2.83 
0.4515 
1 
0 
1 
0 
B 
1 
0 
1 
0 
8 
0.9031 
2.83 
0.4515 
1.41 
-0.1505 
1 
0 
Table A-15 
Xyrauchen texanus 
S 
1 
0 
16 
1.2041 
4 
0.6021 
1 
0 
1.41 
-0.1505 
Tissues 
G 
1 
0 
8 
0.9031 
1.68 
0.2258 
1 
0 
1 
0 
L 
1 
0 
8 
0.9031 
2 
0.3010 
2 
-0.3010 
Sp 
— _ 
— 
_-
— 
— 
--
--
--
Go 
1 
0 
8 
0.9031 
4 
0.6021 
1 
0 
K 
1 
0 
8 
0.9031 
1.68 
0.2258 
1 
0 
1 
0 
Mean 
(log) 
0.0000 
0.0753 
0.9407 
0.1505 
0.7526 
0.4300 
0.0564 
0.0669 
to 
VO 
VO 
300 
T3 
CU 
3 
d 
iH 
4J 
d 
o 
o 
m 
r-t 
i 
< 
Si 
cd 
H 
d oo 
(0 O 
0) rH 
a *" 
« 
o 
CJ 
a 
CO 
ca 
cu 
3 CJ 
CO 
CO 
CO 
pq 
W 
Os 
CM 
rH 
rH 
• 
o 
o 
oo 
a 
• 
o 
o 
i-H 
o CO 
co 
St 
o CN 
ft o CN O 
o 
co 
rH O 
O 
CO 
CM O 
m 
rH 
co m 
00 St 
. • 
CM O 
CO 
V0 
r^ 
CO 
m 
o 
rH m 
St rH 
m 
rH 
co m 00 St 
CO 
f*« 
st CM 
rH O CM O 
m 
o 
rH m 
St rH 
m 
o 
rH m 
St rH 
m 
CM 
CN 
CO 
N 
d 
w 
rH O 
rH O 
rH O 
CM O 
rH O 
m 
o 
rH m 
St rH 
o 
r^. 
o CM 
rH O 
m 
o r-t in 
St rH 
O 
f* 
o CM 
ft o 
o 
rH 
O 
CO 
m 
o ft m 
St ft 
VO 
St 
St 
CM 
rH O 
o 
CM 
< I 
si 
3 
00 
PH 
vO 
a to 
co o 
0) t-t 
a*-' 
60 
O 
CU 
co 
u 
cu 
g 
iH 
O 
00 
00 
o 
St 
CO I 
N 
d 
cu 
co 
cu 
3 
a> 
co 
• H 
4J 
CM 
O 
d 
co 
<u 
a 
301 
VITA 
Stephen David Ferris 
Personal Data: 
Born: February 27, 1951, Ithaca, New York 
Education: 
Bachelor of Science: Biology, Cornell University, Ithaca, 
New York, 1973 
Awards and Honors: 
Undergraduate: Honors, Distinction, Cornell University 
Graduate: National Institute of Health Trainee in Cell 
Biology, 1974-1978; Member Sigma Xi 
Scientific Societies: 
American Association for the Advancement of Science 
Genetics Society of America 
Society for the Study of Evolution 
Participation in Scientific Meetings and Symposia: 
American Society of Ichthyologists and Herpetologists 1975 
"Gene Duplication and Functional Diploidization in the 
Catostomidae" 
Genetics Society of America 1975 
"Gene Duplication and Functional Diploidization in the 
Catostomidae" 
Society for the Study of Evolution 1976 
"Diploidization of Polyploid Gene Expression During 
Catostomid Evolution" 
Society for the Study of Evolution 1977 
"Evolution of Gene Expression in Tetraploid Species: 
Implications for Phylogenetic Analysis" 
International Conference on Numerical Taxonomy 1977 — Invited Speaker 
"Phylogeny of Tetraploid Catostomid Fishes Based on the Loss 
of Duplicate Gene Expression" 
Research and Training Experience: 
Research Trainee, Oak Ridge Associated Universities, 1972 
Graduate Teaching Assistant, University of Illinois 
1973 Introductory Biology 
1974, 1976, 1977 Vertebrate Embryology 
Publications: 
Articles: 
"Loss of Duplicate Gene Expression After Polyploldisation," 1977, 
Nature 265: 258-260 (with G. S. Whitt) 
"Duplicate Gene Expression in Diploid and Tetraploid Loaches 
(Cypriniformes, Cobitidae), 1977, Biochemical Genetics 15: 
1097-1111 (with G. S. Whitt) 
"The Evolution of Duplicate Gene Expression in the Carp (Cyprinus 
carpio)." 1977, Experientia 33: 1299-1301 (with G. S. Whitt) 
"Phylogeny of Tetraploid Catostomid Fishes Based on the Loss 
of Duplicate Gene Expression," 1978, Systematic Zoology (in 
press) (with G. S. Whitt) 
"Genetic and Molecular Analysis of Nonrandom Dimer Assembly in the 
Creatine Kinase Isozymes of Fishes," 1978, Biochemical 
Genetics (in press) (with G. S. Whitt) 
"The Roles of Speciation and Divergence Time in the Loss of 
Duplicate Gene Expression," 1978, Theoretical Population 
Biology (manuscript submitted) (with S. L. Portnoy and 
G. S. Whitt) 
"Behavioral and Biochemical Evidence for Species Distinctiveness 
in the Fiddler Crabs, Uca speciosa and U. spinicarpa." 1978, 
Evolution (in press) (with M. Salmon, G. Hyatt, D. Johnston 
and G. S. Whitt) 
"Levels of Genetic Variability in Species with Extensive Gene 
Duplication: The Tetraploid Catostomid Fishes," 1978, 
American Naturalist (manuscript in preparation) (with 
G. S. Whitt) 
"Evolution of Differential Tissue Expression of Duplicate Genes in 
a Family of Tetraploid Fishes," 1978, Journal of Molecular 
Evolution (manuscript in preparation) (with G. S. Whitt) 
"Evolution of Five Multilocus Isozyme Systems in the Lower 
Chordates," 1978, in preparation (with S. E. Fisher, J. B. 
Shaklee and G. S. Whitt) 
303 
Research Notes: 
"Gene Duplication in the Catostomidae," 1975, Isozyme Bulletin 8:38 
(with G. S. Whitt) 
"Gene Duplication in the Cobitidae," 1977, Isozyme Bulletin 10:65 
(with G. S. Whitt) 
"Multilocus Isozyme Systems in Two Species of Sarcopterygian Fishes," 
1977, Isozyme Bulletin 10:72 (with G. S. Whitt) 
Abstracts: 
"Gene Duplication and Functional Diploidization in the Catostomidae," 
1975, Genetics 80: s30 (with G. S. Whitt) 
"Evolution of Multilocus Isozyme Systems," 1978, XIV International 
Congress of Genetics, Moscow (with G. S. Whitt and S. E. Fisher) 
